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Abstract
Gravity and topography data analysis in the spectral and space domains over the
Tibetan plateau and its vicinity shows: (1) Correlation spectra between gravity and
topography within the Tibetan plateau is split into two characteristic wavelengths which
implies that the Tibetan lithosphere is decoupled. The strong brittle upper crust and the
strong upper mantle lithosphere of Tibet are deformed in their own characteristic
wavelengths under the horizontal compression between India and Eurasia. (2) The strong
Indian plate (Te-90 km) is significantly weakened to Te-30 km while it subducts beneath
the Tibetan lithosphere. It is convincing in comparison with the INDEPTH seismic data
that the weakening of the Indian plate in the subduction zone is mainly caused by the
detachment of the Indian crust from its mantle lithosphere. The imbricates from the
detached Indian crust are piled up upon the weakened Indian plate and cause redistribution
of radiogenic material [Huerta et al., 1996] within the crust so that the temperature in this
weakening zone is raised to a point at a shallower depth of 15-30 km to partially melt wet
granitic rocks which play the role in decoupling the upper crust with its upper mantle
lithosphere of Tibet.
Viscous modeling further suggests that the Tibetan lithosphere can be decoupled with
a reasonable convergence rate of 20 mm/yr. In order to fully decouple the Tibetan
lithosphere into two parts, the strong "brittle" upper crust and the strong olivine rich upper
mantle lithosphere, the "brittle" upper crust must be as thin as about 15 km for the whole
Tibetan plateau to be consistent with active and passive seismic observations. The
exponentially-decaying viscosity structure due to temperature within the lower crust may
have a high probability to be displaced by a fully-developed thick, weak lower crust of
approximately uniform viscosity (-1019 Pa s). A strength envelope of the crust with a
sharp transition from brittle to ductile may also not be a good candidate as the rheology for
the fully-developed weak, thick lower crust of Tibet at present. The traditional gradually-
transitional zone is more plausible between the brittle to the ductile on the strength envelope
for the continental lithosphere. At the current stage of fully-developed thick, weak lower
crust of approximately uniform viscosity, the lower crustal flow forms a pinch-and-swell
or mullion structure as a result of the convergence between India and Eurasia.
The Tien Shan is the largest intracontinental mountain belt in Central Asia. It is
1000-2000 km north of the convergent boundary between the Indian and Eurasian plates.
It had been an eroded, orogenic mountain belt since the Paleozoic, and has been under
rapid uplift during the past 10 my. In order to understand whether the rapid uplift of the
Tien Shan is in response to an increased horizontal force following an abrupt rise of the
Tibetan plateau and in order to understand how the old orogeny is related to the reactivation
of the Tien Shan under the present tectonic regime, we examined the stress field in Central
Asia after the formation of the Tibetan Plateau. The stress field we examined is composed
of three components: a regional horizontal compressional stress field due to the
convergence between India and Eurasia, the plate flexural stress field due to topographic
loading in Central Asia, and the stress field due to elevated gravitational potential energy in
high topography. Because of the lack of information on the paleo-topography in the Tien
Shan region, we calculated the stress field in Central Asia in the cases of no Tien Shan,
20% Tien Shan, 40% Tien Shan, and the present Tien Shan in response to the existence of
the Tibetan Plateau. We found that in the case of no Tien Shan, the horizontal
compressional stress field (thrust faulting stress field) due to the convergence between
India and Eurasia can be transmitted to the lowland north of the uplifted Tibetan Plateau.
However, the transmitted thrust faulting stress field is evenly distributed to the north of the
plateau. That is if there was no paleo Tien Shan there would be no stress concentration to
localize deformation. When the Tien Shan was uplifted to its 20% or 40% height, the
strike-slip faulting stress field began to dominate in the Tien Shan area. If no other stress
field is incorporated into the total stress field only with the three components we assumed,
then the stress field in the present Tien Shan is dominated by EW extension (normal
faulting stress field) with the maximum principal stress vertical. However, seismic fault
slips and GPS strain-rate observations at present suggest that the Tien Shan is still under
convergence. Therefore at least a fourth component in the total stress field needs to be
considered to drive the convergence in the Tien Shan.
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Chapter 1
Introduction
For the last two decades, the Tibetan plateau and its vicinity have been a focus for
geoscientists around the world. The major scientific lure in this region comes from: First,
it is one of the most active tectonic regions in the world and provides a natural field
observatory for geologists and geophysicists to study intracontinental deformation.
Second, the Tibetan plateau is the largest plateau in the world. Third, in contrast with the
simpler one rheological-layer structure of the oceanic lithosphere, the Tibetan lithosphere
may represent the typical continental lithosphere composed of a brittle upper crust, ductile
lower crust, brittle uppermost mantle, and ductile upper mantle lithosphere. Fourth, during
continental deformation, the strong, brittle upper crust can be decoupled from the strong
upper mantle lithosphere by the weak lower crust.
This thesis explores the elastic and viscous properties of the Tibetan lithosphere and
its surrounding regions. It is certainly not my only purpose to use the Tibetan lithosphere
as a natural laboratory to study the rheological properties of continental lithosphere.
Through the rheological study, I hope to understand the tectonic evolution of the Tibetan
plateau and its environs within India/Eurasia. Ultimately I hope to understand the tectonic
evolution of continental lithosphere and its relation to global plate tectonics.
The chronological evolution of the Tibetan plateau may have experienced the
following sequence of events: (1) the consumption of the Tethyan oceanic lithosphere and
the collision between India and Eurasia about 50 Ma [Boulin, 1981; Garzanti, 1996]; (2)
subduction of the continental Indian plate beneath the continental Eurasian plate [Barazangi
and Ni, 1982; Ni and Barazangi, 1984; Lyon-Caen and Molnar, 1983; Karner and Watts,
1983; Royden, 1993; Jin et al., 1996]; (3) weakening of the Indian plate [Lyon-Caen and
Molnar, 1983; Jin et al., 1996] due to the detachment of the Indian crust from its upper
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mantle lithosphere during subduction [Zhao et al., 1993; Brown et al., 1996]; (4)
temperature increase to partially melting the accreted crust from the down-going Indian
plate to the overriding Eurasian plate at a shallower depth caused by redistribution of
radiogenic material within the accreted crust and thermal advection from the accretional
process [Huerta et al., 1996]; (5) decoupling of the brittle upper crust and the strong upper
mantle [Jin et al., 1994; Masek et al., 1994] with a hot, weak, thickened low crust for the
Tibetan lithosphere.
While the Indian plate subducts beneath the Eurasian plate, it is significantly
weakened due to the detachment of its upper crust from its lower crust and uppermost
mantle. This weakening process and the further underplating of the Indian mantle
lithosphere beneath Tibet are analyzed in Chapter 4. The accreted, partially-melted crust
from the Indian lithosphere to the Tibetan lithosphere may play a role in decoupling the
upper crust from the upper mantle lithosphere of Tibet. The evidence for the decoupling
and the viscous flow state at the time of total decoupling are presented in Chapter 2 and
Chapter 5. The theoretical background for Chapters 2, 4, and 6 are presented in Chapter 3.
The final goal of this thesis as stated above is to understand intracontinental
deformation within a post collisional tectonic region. Is the deformation in Central Asia
only dominated by the converging force between India and Eurasia in the horizontal
direction or dominated by 3 dimensional loading both in the horizontal direction and in the
vertical direction? Chapter 6 may have partially answered the question.
The study region of the present rheology and state of stress in Central Asia is
shown in Figure 1. We first assume in Chapter 2 that the strength of the lithosphere within
the Tibetan plateau (the rectangular region which covers the whole plateau) has lateral
homogeneity. We then further divide the plateau into three sub-regions to test the validity
of the assumption of homogeneity. The lithospheric strength from the Indian subcontinent
across the Tibetan plateau is certainly not homogeneous. Thus, we tackle the lateral
heterogeneity of the lithosphere by using profiles from India across the Tibetan plateau.
- mEMIII I MYYI,~ ,,dIIIIIIEI,,IYI
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Finally the topography in Fig. 1 is used as a vertical loading to constrain the deformation
results simply derived from the far-field horizontal tectonic loading in Central Asia due to
the convergence between India and Eurasia (Chapter 6).
The organization of this thesis is not based on the chronological evolution of the
Tibetan plateau, but is based on my own chronology of schooling and research at MIT.
The evolution of the Tibetan plateau is like a time-dependent jigsaw puzzle. It was
impossible for me to assemble this puzzle in the most logical chronological sequence.
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Figure caption
Figure 1. Summary map of this thesis. The rectangles within the Tibetan plateau are used
for coherence calculation in spectral domain. The profiles across Tibet are used for
flexural study in space domain. The whole topography is used as a vertical loading
to calculate the tectonic stress field in Central Asia. The straight line at the upper
right corner of the map is an artifact due to the combination of the DBDB5
topographic model with other topographic sources detailed in Chapter 6.
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Evidence from gravity and topography for folding
of Tibet
Yu Jin*, Marcia K. McNutt*, and Yongsheng Zhut
*Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge, MA 02139 USA
tDepartment of Geology, Ocean University of Qingdao, 266003 Qingdao, People's Republic of
China
Newly-released Bouguer gravity and topography data from Tibet suggest that
the surface of the plateau and subsurface density interfaces are warped into two
series of ridges and troughs trending parallel to the collision zone at
wavelengths of 150 km and 500 km. These folds are superimposed on an
overall state of isostatic compensation via crustal thickening. Such folding is
predicted from models of compressional shortening of a rheologically layered
plate, and thus predict a weak decoupling zone between the Tibetan crust and
upper mantle.
THE Tibetan Plateau is the most conspicuous feature of continental topography on Earth,
and considerable effort has been devoted to understanding the cause and timing of its uplift
for the purpose of understanding its influence on the tectonics of Asia[Molnar, 1975 #5],
development of the Indian monsoons[Prell, 1992 #6], and long-term climate
patterns[Raymo, 1988 #7]. All models for the formation of this broad plateau begin with
the assumption that the crustal thickness beneath the plateau has been approximately
doubled in response to the collision of India with Asia, beginning about 45 million years
ago[Xu, 1985 #8], but differ in the details of how this doubling is accomplished. One of
the earliest proposals[Powell, 1973 #9; Barazangi, 1982 #10] envisioned a simple
underplating of the Tibetan crust via the Indian crust. A more recent update of this model
conserves mass beneath the crust by proposing subduction of the Asian mantle lithosphere
beneath northern Tibet and involves more realistic compressional shortening as well as
overthrusting of Indian crust [Willett, in press #36] (Fig. la). The "rigid indenter"
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models[Dewey, 1973 #11; England, 1982 #13; Vilotte, 1982 #14] assume that the entire
continental lithosphere behaves as a viscous fluid that has been shortened by a factor of
two, and thus thickened, by the northward advance of India (Fig. lb). This model predicts
thickening of the lithospheric upper mantle as well as the crust, although in a variation on
this theme by England and Houseman[England, 1989 #17], some portion of the thickened
and dense upper mantle detached within the past 11 Ma, leading to rapid uplift of the
plateau. Alternatively, Zhao and Morgan[Zhao, 1985 #18] have proposed injection of the
Indian crust into the weak Tibetan lower crust, leading to plateau uplift in the manner of a
hydraulic jack. The fate of the Indian mantle lithosphere is unspecified; one might assume
that stripped of its buoyant continental crust, the Indian upper mantle would subduct into
the asthenosphere.
The models discussed above differ in their predictions for both the strain field and the
strength profile of the Tibetan block. For example, the indenter model (B) requires high
(-50%) strain and low strength at all depths. In contrast, the Asian subduction and
hydraulic jack models (A and C) require low strength only in the decoupling zone in the
midcrust (where Indian crust is either underthrust or injected) and subduction rather than
north-south shortening in the upper mantle beneath Tibet. These latter two models do
differ in whether the upper mantle beneath Tibet is Indian upper mantle (A) or the original
Tibetan upper mantle (B), but it may be difficult to distinguish the two possibilities on the
basis of rheological inferences because the cold, stiff upper mantle beneath the Indian
plate[Karner, 1983 #19; Lyon-Caen, 1983 #20] could be weakened and reheated in the
process of underthrusting such that it is indistinguishable from the younger upper mantle
beneath the Mesozoic Tibetan block.
Here we present for the first time high-resolution gravity data from the Tibetan plateau
that allow us to estimate both its strain and its strength profile. The development of two
scales of folds in the surface and subsurface at wavelengths of 150 km and 500 km
demonstrate that the crust has clearly shortened. However, the coherence between gravity
and topography indicates that the upper mantle is relatively rigid beneath Tibet and resists
compression, thus lending support to the subduction scenario[Willett, in press #36].
Based on both the observation of the development of two wavelengths of folding and
results from the experimental deformation of rocks, we propose that Tibet contains two
distinct strong regions: one in the upper crust and the other in the uppermost mantle,
separated by a lower-crustal decoupling layer.
The Bouguer Gravity and Topography Data
The Bouguer gravity data and land elevation information we use was compiled by Ocean
University of Qingdao of the People's Republic of China. The original point gravity
measurements were based on the Potsdam standard within the geographical reference of the
Beijing Coordinate System and the Yellow Sea Elevation System. Data were reduced using
the Helmert Normal Gravity Formula for gravity on the spheroid and converted to free air
anomalies. The Bouguer gravity field was calculated using a topographic density of 2670
kg/m 3, and terrain corrections were applied out to a distance of 166.7 km[Sun, 1989 #21].
Through a scientific collaboration agreement between the Ocean University of Qingdao and
the Massachusetts Institute of Technology, the gravity and topography data were
interpolated for us onto a 10-km grid. The original point measurements were uniformly
distributed over the plateau, but the lower limit on the wavelengths resolved is closer to 25
km than 10 km, except in a few well-sampled areas. The cumulative error in the Bouguer
gravity field, including errors in elevation, is estimated to be 1.5 mGals[Sun, 1989 #21],
although uncertainty in the Bouguer reduction density is not included in this value. The
validity of the topographic data was verified by Eric Fielding at Cornell University by
comparing our values over a 2'x20 area with an independent, even higher-resolution, digital
elevation model[Fielding, 1994 #22]. Although there is a small discrepancy in the
registration of the two topographic data sets, the average differences are less than 10
meters.
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As shown in Figure 2, the land elevation in our study area consists of east-west
trending undulations about a mean plateau elevation of 5 km. Except near the edges of the
plateau, the relief rarely departs by more than a kilometer from the mean value. This
uniform elevation despite the large amount of crustal thickening beneath the plateau has
been one of the principal arguments in favor of a weak crust that flows laterally to even out
any thickness irregularities imposed during the crustal thickening process[Bird, 1991 #23].
Modeling of the gravity and topography data measured along cross-sections
perpendicular to the Himalayan thrust front (Fig. 3) confirms that, to first order, the
Bouguer data are fit by local (Airy) isostatic compensation (solid lines, Fig. 3). Therefore,
the overall high elevation of the plateau is buoyed up by a thickened crust with no apparent
contribution from any thermal anomalies in the upper mantle. The most notable departures
from the predicted Airy model occur just north and south of the plateau's margins, where
the more negative Bouguer anomalies reflect the development of foredeep basins on
bordering plates with appreciable flexural strength. In addition, there is noticeable signal in
the Bouguer gravity at shorter wavelengths undulating across the entire plateau that is not
predicted by local compensation, indicating that there must be uncompensated topographic
features and/or buried mass anomalies with no corresponding topographic expression.
This simple observation suggests that some strong zone must exist within or beneath the
crust to support short wavelength topographic features and prevent buried loads from
achieving local isostatic balance by deforming the surface.
Coherence Between Bouguer Gravity and Topography
Forsyth[Forsyth, 1985 #3] pioneered the technique of using the coherence between
Bouguer gravity and topography to estimate the effective elastic thickness in continental
regions containing both surface and subsurface loads on the lithosphere. If AG and H are
the Fourier transforms of the Bouguer gravity field and topography, respectively, then
coherence )2 is defined as
- - ~"I *U~flIiIIIIIMIIYIYI hh~Yv
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y 2 = (AG H*) (AG H*) (1)
(H H*) (AG AG*)
in which the asterisk denotes complex conjugation and brackets represent averaging in
bands of constant wavenumber modulus k. The essence of Forsyth's argument is that if a
plate has no elastic strength, then all surface loads will produce corresponding crustal
thickness variations at the Moho to obtain local isostatic equilibrium, and all imposed
crustal thickness variations will produce corresponding topography. The Bouguer gravity
anomaly, which is sensitive to those undulations at the Moho, will correlate at all
wavelengths with the topography, and the coherence will be uniformly high. In the other
extreme, if the lithosphere is perfectly rigid, surface loads will produce no flexure at the
Moho, and loads buried within the plate will produce no topography. The topography will
be a perfect measure of the surface load and the Bouguer gravity will reflect only the
subsurface load. If the surface and subsurface loads are uncorrelated, the coherence
between Bouguer gravity and topography will be small at all wavelengths. Any realistic
case for a plate with finite elastic strength will fall somewhere between these two extremes,
and the wavelength at which the coherence drops from values approaching 1 at long
wavelengths to values approaching 0 at short wavelengths is a measure of the rigidity of the
elastic plate.
For the case in which the subsurface load is applied at the Moho, the theoretical
coherence for an elastic plate is given by
(1+j)2 (2)
(l+Y- 2 ) (l+Y 2f)
Y= + (2rk)4DI (3)
Apg
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in which f is the ratio of the power in the subsurface load spectrum to that of the surface
load, D is the flexural rigidity of the plate, Ap is the density contrast at the Moho, and g is
the acceleration of gravity. D is related to the elastic thickness via D=ETe3/12(1-v 2 ) where
E is Young's modulus (1011 N/m 2) and v is Poisson's ratio (0.25).
Figure 4 compares the observed coherence calculated for the entire Tibet Plateau (solid
circles) to the predicted coherence if the surface and subsurface loads are supported
elastically (solid lines). The drop in the coherence from high values at long wavelengths to
low values at short wavelengths begins at wavelengths longer than 500 km, as would be
predicted if the elastic plate supporting the plateau's topography is at least 40 km thick.
However, the observed coherence does not drop to zero as rapidly as predicted by the
theoretical models and displays an anomalous peak at 100-200 km wavelengths. Bechtel et
al.[Bechtel, 1990 #24] have suggested that this behavior might be caused by averaging
together in the analysis geologic provinces with different elastic rigidities, e.g., in this case,
between 10 and 40 km elastic thickness. However, this does not seem to be the
explanation here; even when we subdivide the plateau into three subregions (Fig. 2 inset)
representing geologically homogeneous provinces, the observed coherence points
(diamonds, triangles, and squares in Fig. 4) are similar for each one. Clearly the support
for the plateau is not simply described by compensation of uncorrelated loads on and within
a single elastic lithosphere.
Further investigation of the gravity spectrum and its relationship to the topography
spectrum suggests that one reason for the failure of the simple model to fit the coherence
data is that Tibet is layered in both its density and its rheological structures. The slope of
the logarithm of the gravity power spectrum[Karner, 1983 #19; Bechtel, 1987 #2] (Fig. 5a)
implies that at wavelengths greater than 100 km, the Bouguer gravity signal is caused by
undulations of density interfaces at about 13 km (a midcrustal discontinuity we refer to as
the "Conrad") and at about 60 km (the Moho). The 2-dimensional coherency y(Fig. 5b)
and admittance Q (Fig. 5c) between gravity and topography, defined as:
(AG.H*)
(H.H*)1/2 (AGAG*) 1/2  (4)
(5H*)
both show an unexpected positive correlation between Bouguer gravity and topography at
150-200 km wavelength which is not predicted by any conventional model of isostatic
compensation. One-dimensional cross-spectra <AG.H*> (Fig. 5d-h) computed from the
profiles in Fig. 4 similarly display a weak positive peak in the correlation at 150-200 km,
as well as a strong negative peak at 500-700 km. We interpret these peaks in the cross-
correlation spectrum as evidence for the development of folds[Zuber, 1989 #1] in the
Tibetan plate by the collision with India, just as the seafloor south of the Bay of Bengal has
been folded by this collision[Weissel, 1980 #27], with the two distinct wavelengths arising
from the expected multi-layered rheology of continental crust[McNutt, 1988 #26; Chen,
1983 #28; Burov, 1993 #29].
Folding of Tibet
Figure 6 shows a strength envelope as inspired by experiments on the deformation of
rocks extrapolated to realistic geological pressures, temperatures, and strain rates. Strength
in the upper part of the plate is controlled by frictional sliding along pre-existing faults.
The crust becomes increasingly stronger with increasing overburden pressure down to
depths of about 15 km, at which point ductile creep of diabase becomes the dominant
mechanism of failure. Between depths of 25-35 km (depending on the local geotherm) and
the base of the crust, a weak ductile channel should exist. In the case of Tibet where the
crust is 60 km thick, the ductile channel should be -30-km thick and well developed. In
the uppermost mantle, another relatively strong zone should exist based on the higher
strength of olivine. When subjected to the moderate stresses from vertically-directed
surface and subsurface loads, the overall mechanical behavior of the two strong regions
separate by a ductile channel has an effective elastic thickness given by {Te(upper
crust)3+Te(upper mantle)3 11/3, which is this case is a little more than the effective elastic
thickness of the stronger of the two layers.
However, if subjected to end loads of the order of several hundred MPa, as might be
produced by the collision of India with Tibet, the strength of the upper-crustal layer will be
exceeded everywhere. It will fold as a plastic/viscous layer. The stronger layer in the
upper mantle will also fold, presumably in an elastic/plastic manner[McAdoo, 1985 #30].
Zuber[Zuber, 1987 #31] has shown that the deformation of two strong layers separated by
a weak ductile zone subjected to horizontally-directed compression will be characterized by
the growth of folds at two dominant wavelengths, which might explain the signals at 150
and 500 km in the Bouguer gravity data.
We can use the coherence data to test the hypothesis that the correlation between
Bouguer gravity and topography at 150-km and 500-km wavelengths is caused by the
folding of Tibet. The theoretical curves in Fig. 4b correspond to the coherence predicted
for elastic plates loaded on density interfaces at the surface, a midcrustal discontinuity at 13
km, and at the Moho, as suggested by the gravity spectrum in Fig. 5. The loads at these 3
interfaces are assumed to be uncorrelated except in narrow wavelength bands centered
around 150 km and 500 km, where the coherency between the suface and subsurface loads
is set at 60% to simulate the effect of folding. In keeping with the folding scenario depicted
in Fig. 6, we require that the correlations between the surface and midcrustal loads be
positive in both wavelength bands. The correlation between the surface and Moho loads is
only non-zero in the 500-km band, where the sign is negative. For large values of the ratio
of midcrustal to surface loads (f=3), the best-fitting elastic plate thickness is approximately
50 km (Fig. 4b). Smaller values off lead to smaller values of elastic plate thickness (=30
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km). However, large values for f are required to simulate folding (i.e., upwarp of
subsurface density discontinuities beneath topographic highs) given a model that produces
isostatic compensation (i.e., downwarping of density discontinuities beneath topographic
highs). The addition of up to 500 MPa (5 kbars) of compression to the plate only modifies
the shape of the coherence curves slightly.
Further support for this interpretation comes from experiments in the laboratory of
layered, analogue materials intended to simulate the rheology in Fig. 6. Burg et al.[Burg,
1994 #15] report that the initial stages of compression produce periodic buckling at two
wavelengths: the longer, first-order wavelength is 4 times the combined thickness of the
two strong layers and their intermediate ductile zone, and the shorter wavelength is 4 times
the thickness of the uppermost layer and involves deformation of that layer alone. Based
on the observed scales of folding in Tibet, the predicted thickness for the upper strong layer
is 35 km, and the total depth to the base of the strong region in the upper mantle is 125 km,
values close to that predicted from the rheological arguments and the best-fitting elastic
plate thickness (Fig. 4b). The fact that the 500-km undulations are out of phase with the
surface (Fig. 5d-h) suggests that the decoupling in the lower crust is sufficient to lead to an
"inverse boudinage" style of folding (Fig. 6).
The total amount of strain is difficult to estimate. If, based on the fit to the coherence
data, the upper mantle deforms as a 50-km elastic plate, the amount of shortening obtained
by "unfolding" the 500-km wavelength undulations is at most a few percent. In the upper-
crustal layer, however, the elastic strength is likely to have been exceeded everywhere,
such that it deforms as a viscous or plastic layer. The fact that the coherency at 100-200
km (Fig. 5b) involves both positive and negative correlation between gravity and
topography means that folding as well as layer thickening has occurred. Thus the strain in
the upper crust could be substantial, as is also the case for the lower-crustal decoupling
zone.
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Testing Models for Tibet
This interpretation of the Bouguer gravity and topography data for Tibet in terms of folding
of layers in the upper crust and uppermost mantle permits a reassessment of the merits of
the 3 simple models presented in Fig. 1. Our layered strength profile with a decoupling
zone in the lower crust and a rigid upper mantle is more in keeping with the predictions of
the Asian subduction (A) and hydraulic jack (C) models than with that of the rigid indenter
model (B), in that the upper mantle appears too strong to shorten by the amount needed to
double the thickness of the crust and thus must subduct. Either the Indian plate or the
Asian lithosphere might be expected to display an effective elastic thickness of -40-50 km.
Thus our rigidity estimate does not distinguish the different polarities of subduction for
models A and C in Fig. 1, but does preclude a weak upper mantle as in model B. It is
intriguing to note, however, that the arcuate gravity low centered at 34oN, 90'E (Fig. 2) is
extremely reminiscent of the negative gravity anomalies over oceanic trenches. If the
oceanic analogue holds, the fact that the low is convex to the north would point to
subduction of the Asian mantle as proposed by Willett and Beaumont[Willett, in press
#36].
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Figure Captions
Figure 1. Three models for the formation of the Tibet Plateau. Asia, Tibet, and India are
each represented as blocks in cross section. The left and right panels for each model show
the crustal structure before and after collision with India, respectively. Darker shading
indicates relatively more rigid blocks. The black line shows the location of the crust-mantle
boundary for Tibet and India. The Asian subduction model (A) thickens the Tibetan crust
by thrusting Indian crust and mantle beneath the Tibetan crust. The Asian upper mantle is
subducted. The rigid indenter model (B) thickens the Tibetan crust and upper mantle by
shortening a uniformly weak block. The crustal injection model (C) intrudes the Indian
crust into the soft Tibetan lower crust and subducts Indian upper mantle.
Figure 2. Bouguer gravity and topography over the Tibetan Plateau. Inset shows location
of grids within China as well as the locations of the 3 subregions, Qiangtang, Bayanhar,
and Lhasa, for which coherence was independently estimated in Fig. 4.
Figure 3. Profiles of topography and Bouguer gravity (dots) along 5 cross-sections
oriented perpendicular to the Himalayan thrust front spanning the plateau from the Indian
plate to the south (left) to the Tarim Basin on the north (right). Solid lines show the
predicted Bouguer gravity assuming an Airy model of local isostatic compensation (no
elastic rigidity) with a crustal thickness of 60 km, crustal density of 2670 kg/m 3, and
mantle density of 3300 kg/m 3 . Locations of the cross-sections are superimposed on a
topographic map of the region around Tibet.
Figure 4. (upper) Comparison of the observed coherence calculated for the Tibet Plateau
with that corresponding to theoretical elastic plate models. The solid circles give the
coherence for the entire Tibetan Plateau, whereas the triangles, squares, and diamonds
represent coherence for the Qiangtang, Lhasa, and Bayanhar subprovinces (Fig. 2, inset),
respectively. The solid lines correspond to theoretical curves for 5 different values of the
elastic plate thickness, Te, assuming uncorrelated surface and subsurface loads and a single
subsurface density discontinuity at the Moho. For the case of a subsurface loading only at
the Moho, the theoretical coherence is relatively insensitive to the value forf, the ratio of
subsurface to surface loads, here assumed to be 1. (lower) Comparison of the observed
coherence data for the entire Tibetan plateau with theoretical coherence allowing for the
correlation of loads on the surface and in the subsurface. Subsurface loading is allowed at
the Conrad discontinuity at 13 km and at the Moho at 60 km. Folding of a rheologically
layered plate is simulated by allowing a 60% positive correlation between surface and
Conrad loads in the two wavelengths bands for folding at 150 and 500 km. A 60%
negative correlation between surface and Moho loads is used in the 500-km band. For a
layered plate, the curves are more sensitive to f, the ratio of surface to subsurface loads.
For these curves, we assumedf =3 for both the Conrad and Moho loads.
Figure 5. (a) Logl0o of the power in the Bouguer gravity spectrum as a function of
wavenumber (2rt/wavelength). Straight lines fit piecewise to the slope of the spectrum
provide an estimate of the depth to the density discontinuity responsible for that portion of
the gravity spectrum. (b) Coherence of Bouguer gravity and topography for Tibet. The
trend from coherency values near zero at short wavelengths to negative values at long
wavelengths as expected for isostatic compensation is interrupted by positive values at 150-
200 km. (c) Admittance of Bouguer gravity and topography for Tibet. (d)-(h) One
dimensional cross-correlation of topography and Bouguer gravity for the profiles across the
plateau in Fig. 3. Note the large difference in scales for the positive, in-phase, correlation
as opposed to the negative, out-of-phase, correlation necessary to highlight the weak
positive correlation on all profiles between 150-200 km. The prominent negative signal on
each profile occurs at 500-700 wavelength.
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Figure 6. (upper) An example of the strength envelope for the crust and lithospheric upper
mantle[Burov, 1993 #29]. Strength in the upper part of the crust and uppermost mantle is
limited by frictional sliding on faults and increases with overburden pressure. Thermally-
activated creep relaxes elastic stresses in the lower crust and below the uppermost mantle.
If the stress at any depth in the deformed lithosphere lies within this strength envelope, the
stresses will be supported elastically. Stresses exceeding the elastic limit will cause failure
by frictional sliding or ductile flow. (lower) Cross-sectional view through lithosphere
under compression that develops two scales of folding in a rheologically layered plate. The
upper plate deforms in a viscous or plastic mode and contains the Conrad discontinuity.
Warping of this discontinuity parallel to the surface leads to a Bouguer gravity anomaly and
a positive correlation between gravity and topography. The lower elastic plate is bounded
on the top by the Moho, the warping of which also leads to Bouguer gravity anomalies.
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Chapter 3
Partial Correlation between Surface and Subsurface Loading
Abstract
In the plate tectonic study, the normalized correlation spectrum between Bouguer
gravity anomalies and topography is called coherence [Forsyth, 1985]. The coherence can
be used to measure the strength of a lithospheric plate. The observed coherence within the
Tibetan plateau shows splitting and scattering compared with theoretical coherence which
assumes uncorrelated surface and subsurface loads. The splitting of the observed
coherence spectrum shows two peaks at wavelengths at about 200 km and 400 km. In
order to explain the observations, we further considered horizontal compression and
extension, and partial correlation (phase effects) between surface and subsurface loading.
Large horizontal loads on an elastic plate fit the observed scattering, but the magnitude of
the load is more than 6,000 MPa, which exceeds the strength of lithospheric rocks. Under
a horizontal extension, the theoretical coherence will not split until 3,000 MPa, which is
still too large for rocks to stand. The partial correlation fits the observations well if our
elastic plate assumption to the Tibetan lithosphere is valid. A more plausible explanation
for the solution to the spectral splitting and scattering is to assume decoupling between the
strong upper crust and the strong upper mantle for the Tibetan lithosphere with a weak,
thick lower crust in the middle. Thus, the brittle upper crust is deformed in a shorter
wavelength and the strong upper mantle is deformed in a longer wavelength.
Introduction
Scattering and splitting of the observed coherence between Bouguer gravity and
topography relative to traditional theoretical coherence is not rare. The observed coherence
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in Central Blocks and Basins, Australia, is split at two wavelengths of 1000 km and 180
km [Zuber et al., 1989], which is explained either as the response of a viscoelastic plate
subjected to horizontal compression [Stephenson and Lambeck, 1985] or as the result of
correlation between surface and subsurface loads [Zuber et al., 1989]. Other good
examples of spectral scattering and splitting are in the Baikal Rift Zone [Ruppel et al.,
1993], the northern Basin and Range, USA [Bechtel et al., 1990], and the Alps [Macario et
al., 1995].
Macario et al. [1995] derived a linear correlation coefficient to measure the influence of
correlation between surface and subsurface loads in estimating elastic thickness by using
her experimental gravity and topography data in which she knows the extent of correlation
between surface and subsurface loads. She finds a clear downward bias in the predicted
strength of the plate when the degree of correlation increases. Thus her experiment shows
that the theoretical coherence assuming uncorrelated loads underestimates the elastic
thickness of a plate if there exists correlation.
In this paper, we further discuss the possibility of correlation between surface and
subsurface loading first suggested by Zuber et al. [1989] in order to explain the spectral
splitting of the observed coherence spectra within Tibet. We present a theoretical coherence
with the consideration of both axial load and partial correlation between surface and
subsurface loading on the plate. We further demonstrate that the axial load is not the cause
for the scattering and splitting if the plate is purely elastic. The best explanation for the
scattering and splitting is partial correlation between surface and subsurface loading, or
decoupling between a surface layer and a subsurface layer within a lithospheric plate.
Thin plate rheology
The fundamental equation for bending a plate is conservation of angular momentum
a J rx padv = rxT ds + ff r x f dv (3.1)
it- at =31
-- -- - - -- IIImmli,"'llli
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where u = (u,v,w) is displacement of a particle in a plate, f = (fl, f2, f3) is body force in a
unit volume, r is location vector, T = (T1, T2, T3) is traction, force on a unit area, p is
density, s is surface, v is volume, and t is time. Bending of a plate is in steady state, so the
left side of equation (3.1) can be neglected. With Cauchy's formula
Ti = ji nj (3.2)
where rji is stress tensor and nj is the direction cosine of the stressed surface, equation
(3.1) becomes
f ijkX j fkdv + f ijkX j lkn ds = 0 (3.3)
where Sijk is Levi-Civita symbol which equals 1 if ijk is an even permutation of 123 (that
is, ijk is 123, 312 or 231) and -1 if ijk is an odd permutation of 123 (that is 132, 213 or
321) and 0 if any two indices are the same.
Equation (3.3) describe rotations or flexural bending around three axes, x (i=1), y
(i=2), and z (i=3) (Fig. 1). Examples of bending around x and y are the Hawaii Island
chain or an oceanic trench. Bending around the z axis which is perpendicular to a thin plate
is negligible, although rotation around this axis plays an important role in global plate
motions. In this thesis, flexural bending of a thin plate is the major concern. Therefore
only rotations about the axes i=1 and 2 in equation (3.3) are discussed.
Because the lateral dimension of a tectonic plate (or a thin plate) is much larger than its
thickness, it is acceptable to assume that any compression or extension perpendicular to the
plate and any shearing parallel to the plate can be ignored (Fig. 1). Under these
assumptions, we have
3j = j3 = 0, j= 1,2,3, (3.4)
where coordinates (x, y, z) in Fig. 1 corresponds to (1, 2, 3) in equation (3.3).
We define bending moments as (Fig. 2):
h/2
M11 f ' 11 X3 dx3
-h/2
h/2
M22- 2 2X 3 dx 3
-h/2
h/2
12 J t 12X 3 dx 3
-h/2
h/2
(3.5)
21 2 1 3 dx 3
-h/2
where h is the thickness of the plate. Because symmetry of the stress field, we have M2 1=
M1 2. M 11 and M22 describe the normal bending of the thin plate around y and x axes
respectively. M21 and M 12 describe the shear bending of the plate around the two axes
(Fig. 2). Define body forces on a unit length as
h/2
Qi= I Eijkj fkdx3
-h/2
On substituting equations (3.5) and (3.6) in (3.3), we obtain [Wang, 1984]
ax
+2M12
+ 2 xy
xy
2M 11 2M 22
ax 2 y 2
(3.6)
(3.7)=Q2y 0.
ay
At last, define vertical loading as
h/2
q -- 2 f f3dx 3 ,
-h/2
(3.8)
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and horizontal loading as:
h/2
N1 1 - (
-h/2 X1
fl dx ) dx3
h/2
N 22 - J ( f2dx 2 )dx 3
-h/2 X2
h/2
N 21 - (Jf 2dxl)dx 3
-h/2 X1
h/2
N 12  f ( fdx2 )dx 3
-h/2 x 2
(3.9)
where N11 and N22 describe the normal tectonic compression or extension to the thin plate
in force per unit length. Because ( J f2dx1 ) oc (force in y direction)/(dx 2dx 3) behaves as
x
I
T12 and similarly ( J fldx2 ) behaves as 72 1 , using the symmetry of the stress field, we
x 2
have N2 1 = N1 2 . On substituting equations (3.8) and (3.9) into (3.7) and converting
coordinates (1,2,3) to (x,y,z), we obtain
a2Mx a2Myy a2M ,XX + + 2
ax2 ay2 'Oxay
- Apgw(x,y) = - q(x,y)
N a2w(xy )ru "y y2N 2w( - 2 N w(x,y)xy axay
(3.10)
where w(x,y) is the flexure of the plate, Ap is the density contrast between the loads beneath
(or within) and above the plate, g is average gravity acceleration on the Earth surface, and
q(x,y) is the load overlying the plate.
-- IYi
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The bending moments in Equation (3-10) are represented by the integral of plate
strength (Eqn. (3.5)) which is related to the rheological change of the plate in the vertical
direction. For continental lithosphere, plate rheology may be characterized as a brittle
upper crust, a ductile lower crust, a brittle uppermost mantle, and a ductile mantle
lithosphere (Fig. 3). To simplify this complicated rheology, we assume in Chapter 2, this
chapter, Chapter 4, and Chapter 7 that the Tibetan lithosphere is purely elastic and isotropic
so that the constitutive law of the lithosphere can be represented as:
1
Sij = 1 [(1+v) "tij - V tkk 8ij] (3.11)
where eij is the strain tensor, E is Young's modulus, v is Poisson's ratio, and 6ij is Dirac's
delta function. Corresponding to r33=0, we have one further assumption for the strain
field that E33 = 0 [Wang, p. 384, 1984]. Thus we get
E vj - + (Eij + 1 kk 8ij). (3.12)
With
1 au. a.uS= - u. + i ) (3.13)ii 2 axj axi
and u3 = w, flexure of a thin plate, we get
Ez [ 2 w(x,y) V 2w(xy)
xx - - 1-v 2  +x2  v y2
Ez 2  y a2w(x,y)
z [v + ] (3.14)
yy 1_V2 2 y2
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Ez a2w(x,y)
xy= 1+V a x-
On substituting Equation (3.14) into (3.5), Equation (3.10) becomes
2  2(xy) 2w(x,y) 2  2w(xy) 2w(xy)
[ D(x,y) ~ +v 2 )] + [ D(x,y) (v + )]
ax2 a 2 ay2 ay2 aX2 ay2
+ 2 [D(x,y)(1-v) x ,) ] + N xx+ 2  + 2Nxy2X Y)
+ Apgw(x,y) = q(x,y) (3.15)
where D is the flexural rigidity of the plate, defined as:
E h3
D - . (3.16)
12 (1-v 2 )
In this chapter we assume D is not varying laterally, although this assumption will be relaxed
in Chapters 4 and 7. As we mentioned before, h is the thickness of an elastic plate. Because
Young's modulus and Poisson's ratio are the general elastic moduli of rocks which can be
obtained from other geophysical methods such as rock experiments or seismology, and
because D is the third order sensitive to h, in our rheological study of elastic properties of the
lithosphere, our major unknown is h, the elastic thickness of the plate. For constant D,
Equation (3.15) becomes
DV4w(xy) + Nx2 2w(xy) + 2Nx2 +pgxy2w(x,y)DV4 w(x, ) x 2 -+ N y 2 + x axy  Apgw(x,y) = q(x,y) (3.17)
-- ~ IIYIIIYYYIUYIIIYIYIIIIY lilY _--
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a2 a2
where V4 is biharmonic operator [ + ]2
ax2 ay2
Theoretical coherence with tectonic forces
Elastic thickness can be estimated from the gravity/topography coherence, the
normalized correlation function between topography and gravity in the spectral domain:
2 <AG H*> <AG H*> (3.18)
<H H*> <AG AG*>
where AG is the spectrum of Bouguer gravity, H is the spectrum of topography, and * is the
complex conjugate. The brackets represent a waveband average for the observed spectra to
increase the robustness of the observed coherence calculation.
The theoretical coherence for loads on elastic plates was first examined by Forsyth
[1985]. In the following text, we will present two extensions of his theory. First we will
present the effect of horizontal forces, Nxx, NYY, and Nxy, on the coherence calculation.
Second we will consider the influence of correlation between surface and subsurface loads on
coherence results [Zuber et al., 1989]
An elastic plate can be loaded both from the top and from the bottom. In this case, the
Bouguer gravity due to mass anomalies on the plate or underneath the plate is described as
[Forsyth, 1985]:
B(k) = QT HT(k) + QB HB(k) (3.19)
where the subscripts "T" and "B" represent causalities resulting from top and bottom loads
on the elastic plate, QT and QB are the response functions of the plate to surface loading
[Banks et al., 1977] and to subsurface loading [McNutt, 1983], HT and HB are spectra of
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topography caused by surface and subsurface loads respectively, and k = kxi + kyj is
wavenumber vector. Its amplitude is k = k + k .
The total spectrum of topography is
H(k) = HT + HB. (3.20)
We need to apply (3.17) and Parker's gravity formula to obtain the response functions
of the Earth in Equation (3.19). If we assume that loading, q(x,y), in equation (3.17) is
poghT(x,y) where hT(x,y) is topography derived from tectonic loading on the Earth's
surface such as mountain building and Po is the load density, and apply a Fourier
transform to Eqn. (3.17) we obtain:
(k4 D - Nxxk - N k2 - 2Nxykxk + Apg)W(k) = pog HT (k), (3.21)
where we also assume tectonic forces Nxx, Nyy, and Nxy are constant. Thus we have
pog HT (k)
W(k) = (3.22)k4D-N xxk-N k2-2Nxykxk +Apg (3.22)
Parker's[1972] gravity formula is
0 kn-I
B(k) = - 2cGApe-kzo nt F[wn(x,y)], (3.23)
n=1
where G is Newton's gravitational constant, zo is the average depth of mass anomalies,
and F[] stands for Fourier transform. On substituting equation (3.22) into (3.23) and only
making a linear approximation (keeping the first term in (3.23)), we obtain
- I IIYY I  IIIIYIYYI IvilYIYlilii^-" x-~
BT(k) = - 2tGpoe-kzo (1+ (3.24)
zxpg
where 4 is the top loading response function of the plate:
k4D-Nxxk2-N k2-2N kxk
Qr - 2Gpoe -kzo (1 + xYY y  Y)-1
Apg
(3.25)
When a plate is loaded from its bottom or its inside [McNutt, 1983], the governing
equation (3.17) becomes
a2hB(x,y)DV4hB(x,y) + Nxx X2B(X~y xx, 2
=(pm-pl) g h,(x,y)
+ 2hB(x,y)
yy ay 2
+ 2hB(x,y)
+ 2Nxy xy + mghB(Xy)
where pi is the density of the subsurface loading, Pm is mantle density, hB(x,y) is the
surface topography caused by subsurface load, and hl(x,y) is the amplitude of the
subsurface load. As what we did for Equation (3.17), we take the Fourier transform on
Equation (3.26)
(k4D -Nk2 - N k2 - 2N xykxk+ pmg) HB,() = (pm-pl) g HI(k).xx2 yyy xyxy
The first order gravity caused by the subsurface loading is
BB(k) = 27G(pm-po) e-kzoHB(k) - 2HG(pm-p) e-kZl H(k)
(3.27)
(3.28)
where zi is the average depth of the subsurface load. On substituting Equations (3.27)
into (3.28), we get
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(3.26)
k4D-Nxxk2-N k2- 2N x yk x k4 I)-1 H (-k) = Qr HT (k)
BB(k) = QB HB (k)
where
QBg 2nG(pm-Po) e-kzo - 2nGpme-kzl (1+
k4D-Nxxk2-N yy2Nxykxk
pmg
If z1 is at the Moho, then Equation (3.30) simplifies to:
QB = -2nGpo e-kZo (1+
k4 2 2k4D-Nxxk
-N Yk-2Nxykxk
Pmg
From the definition of the observed coherence in Equation (3.18), the theoretical coherence
assuming uncorrelated surface and subsurface loads is [Forsyth, 1985]:
C2- (B H*) (B H*)
(H H*) (B B*)
(QTHTHT+QBHBHB) 2
(HTH + HBH B)(QHTHT + Q BHHB)
Assuming that the surface and subsurface loads are proportional [Forsyth, 1985], and for
the case of in-plane tectonic loads, we get the relationship between surface and subsurface
loads:
IHBI (Dk4-Nxxk - N k2 - 2Nxykxk + Apg ) - f pog IHT. (3.33)
The ratio f is a loading factor which describes the ratio between surface and subsurface
loads. Define:
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(3.29)
(3.30)
(3.31)
(3.32)
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IH I Dk 4 -Nk - N k 2 - 2Nxkxk + ApgH T_ _ -xx Nyyky (3.34)
IHBI f og
On substituting Equations (3.34) into (3.32), we get
c2 (QTQ+QB)2 (3.35)
( 1 +Q2) T 2fB)
where QT' QB, and Qf are calculated by Equations (3.25), (3.30) and (3.34).
As we saw in Jin et al. [1994], the observed coherence of the Tibetan lithosphere splits
into two parts at wavelengths about 200 km and 400 km, and it is bounded between
theoretical coherence values for Te = 10 to 40 km. From Equations (3.25), (3.30) and
(3.34) we know that tectonic forces on unit length, Nxx, N yy and Nxy (axial loads) will
also modify the slope of the theoretical spectral (Fig. 4.1). In order to fit the low slope of
the observed spectra, we need a compressional stress of at least -6000 MPa (at Te = 10
km), which is far beyond the strengths of lithospheric rocks. Rocks of the lithosphere can
only sustain tectonic stresses less than 500 MPa for the crustal rocks and less than 1600
MPa for the mantle rocks [Kirby, 1980]. The scope of the effect from the tectonic forces
on the theoretical coherence is demonstrated in Figures 4.2 and 4.3. Fig. 4.2 shows the
coherence with a horizontal compression ranging from 0 to -6000 MPa at Te = 40 km and
at 1000 MPa spacing. As we can see, the theoretical coherence only has minor change
between 0 and -1000 MPa which is the strength range for most of rocks. The theoretical
coherence changes more dramatically under extension than under compression. Fig. 4.3
shows the coherence with a horizontal extension ranging from 0 to 6000 MPa at Te = 40
km and at 1000 MPa spacing. Under large extension, Sxx > 2000 MPa, the theoretical
coherence splits into two peaks. This is mainly because the positive sign Sxx has changed
the physical property of the governing equations (3.17) and (3.26) from an exponential
______________________ ~"~ In IIIiIYIIYihhYIIIIYY Y ,
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decay feature to an oscillation feature [Bender and Orszag, p. 504, 1978]. The more Sxx
becomes dominant, the larger the oscillation. From Fig. 4.3 we can see, the oscillation
first emerges at Sxx = 2000 MPa. Rocks behave weaker under extension than under
compression [Turcotte and Schubert, p. 297, 1982; McNutt and Menard, 1982]. Therefore
tectonic stress larger than 1600 MPa or less than -1600 MPa is beyond consideration for
lithospheric deformation. In summary, the tectonic stresses exerted on the Tibetan
lithosphere does not play a major role in explaining the splitting and scattering (low slope)
of the observed coherence if we assume that the Tibetan lithosphere is purely elastic. This
is also consistent with the suggestion that an elastic plate is hardly deformed by axial loads
within the strength of lithospheric rocks [McAdoo and Sandwell, 1985; Zuber, 1987].
Partial correlation between surface and subsurface loads
As discussed in Jin et al. [1994] and in the last section of this paper, the splitting and
scattering of the observed coherence for the Tibetan lithosphere is not easily explained by
the lateral inhomogeneity in plate strength and horizontal tectonic forces if the Tibetan
lithosphere is purely elastic. Here we derive the theoretical coherence for the case of partial
correlation between surface and subsurface loading in order to explain the observed
coherence as shown in Fig. 4b of Jin et al. [1994]. In Jin et al. [1994], our major
- conclusion is that the upper crust and the upper mantle lithosphere of Tibet are decoupled
by a weak lower crust, and that the upper crust and the upper mantle deform at their own
characteristic wavelengths. The corresponding correlation spectrum (coherence) between
gravity and topography with the decoupling mode is bimodal, with one spectral peak
contributed by the brittle upper crust if there is a density contrast between the upper crust
and the lower crust, and the other from the upper mantle lithosphere because of the
existence of the Moho.
Fig. 2b in Chapter 5 shows the shorter wavelength gravity anomalies over the Tibetan
plateau. If we put mass anomalies of these wavelengths at the Moho of Tibet, they will not
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produce significant gravity anomalies at the surface (Figures 7 to 12 of Chapter 4).
Therefore we assume these shorter wavelength (< 300 km) gravity anomalies are from an
interface between the upper crust and the lower crust. In general, a multilayered
compensation problem can be stated as [Bechtel et al., 1987],
S 1 = H1 1+ H 12 + H 13 + ...
Si = Hil + Hi2 + Hi3 +... =H ij (3.36)
j=1
where Si (i = 1,2,...,N) is the relief on the ith layer due to the loading from different
interfaces j = 1, 2, ..., N. In our case, we have N=3 with loads on the surface, the
Conrad, and the Moho. Every column of Hij is the load represented by Hii and the flexure
along the other interfaces caused by it. They are related by the 2-D Fourier transform of the
thin plate equation
(Dk4 + APmg) Hml = Aplg H11
m 4 1 (3.37)
where APm is the overall buoyancy from the flexed lithosphere, and Apl is the density
contrast on the loading interface. As we concluded in the last section, horizontal
compression and extension do not play an important role in the elastic rheology, so the
terms with the tectonic forces in equation (3.37) are ignored.
For convenience, we rewrite equation (3.37) as
Hmi = Hil = aml HlDk 4 + APmg
Apyg
ami = Pg
Dk 4 + APmg
Thus equation (3.36) (for N=3) becomes
S1 = H 1 + a12 H22 + a13 H33
S 2 = a21H11+ H22 + a23 H33
S 3 = a3 1H 1 1 + a 32 H 2 2 + H 3 3 '
and the matrix form of the above is
S = AH,
where
S2
S = -S3, H=
H 11
H 2 2
H33
1
a21
,and A= a31
a1 2
1
a3 2
a 13
a23
1
The inverse is obtained by
H = A-1 S. (3.39)
In vector S, S1 is simply the topography, and all the other Si are obtained by
downward continuation of the Bouguer gravity field. The downward continuation formula
is given by
B(k) exp(kZ)
S - (3.40)
2nGAp
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(3.38)
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This procedure must be done with care because the exponential dependence on
wavenumber and depth often makes downward continuation unstable in the presence of
noise at short wavelength.
To formulate the multilayered coherence, we use the definition of equation (3.32)
2 
- (BSI*)(BSI*)
- (S1S, *)(BB*)
where
B(k) = -2irGA 2exp(-kZ 2) S2 - 2r7GAp 3exp(-kZ 3) S3
=-2t7GA 2exp(-kZ 2) (a21H, + H22 + a23 H33)
-2rGAp 3exp(-kZ 3) ( a31Hll+ a32 H22 + H33)
S1 = H 1 + a12 H22 +a1 3 H33 *
(3.41)
An essential assumption for the coherence technique is that different loads are
statistically independent or out of phase [Forsyth, 1985]. Therefore, the cross spectra of
different loads are zero. To simplify the calculation, let
Hii = H,
then
Hk Hj = 0
k ~j.
Thus
BS 1* = N 1 a a2iH + N2 ai 3iH ...........i = 1,3
S1S 1* = a2iH
_________________________________________inminmimlinuui
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2 2 2 2 22 2BB* = 2N 1N 2a2i a 3iH + N2 la2iH + N2a 3 iH
where
N1 = -2pGDr2exp(-kZ 2)
N2 = - 2pGDr3exp(-kZ 3).
The scattering (broad span) and splitting of observed coherence relative to the span of
the theoretical curves has been variously explained as: (1) correlation between the surface
and subsurface loads [Zuber et al., 1989]; (2) existence of several different values of Te
within the region examined [Bechtel et al., 1990]; and (3) the amplification of noise at
short wavelengths and spectral leakage at long wavelengths. The application of the
multilayered coherence technique will not significantly widen the characteristic wavelength
band across which the theoretical coherence varies from near zero to near one if the
fundamental assumption of the uncorrelation between surface and subsurface loads
[Forsyth, 1985] holds. This has been shown in coherence calculations in the East African
Rift in Kenya [Bechtel et al, 1987], and in the Central Blocks and Basins and Lachlan Fold
Belt in Australia [Zuber et al., 1989].
The fundamental assumption of the statistical uncorrelation between surface and
subsurface loads might not be valid. Macario et al. [1995] found that when the degree of
correlation between surface and subsurface loads is not zero, the observed coherence will
span a larger spectral domain.
We here suggest a partial correlation between surface and subsurface loads to explain
both splitting and scattering of the observed coherence for the Tibetan lithosphere. We
assume that the surface and subsurface loads are related by a correlation factor CF. CF is 1
if the loads are fully correlated and CF is 0 if there is no correlation between loads. For
instance we add a "non-correlation" cross spectral term CF*H 11*H22 into the coherence
calculation formula of equation (3.41) so that we can measure the degree of correlation by
CF. To some extent, CF is related to the phase component of the cross spectrum.
-
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However the latter is a function of wavenumber. In the calculation of the theoretical
coherence of 4b of Chapter 2, we use coherency between Bouguer gravity and topography
(Fig. 5b of Chapter 2) in order to obtain wavenumber dependent CF.
Phase component of coherence
As we emphasize in the last section, CF actually represents phase effect of coherence.
Therefore, in this section, in order to isolate the effect of CF on the coherence, we present
its theoretical expression by using a two layered model in stead of a multilayered model. In
the theoretical coherence with partial correlation (phase effect), the auto spectrum and the
cross spectrum of Bouguer gravity and topography become the following based on
equations (3.19), (3.20), (3.25), (3.31), and (3.34):
H H* = (HT + H,) (HT + HB)* = IHB2(1 +Q2 + 2 Qe' ), (3.42)
BB* = (QTHT + QBHB)(QTHT + QBHB)*
= IHB 2 (QB + Q + 2 QTQfe i ), (3.43)
BH* = (QTHT + QBHB)(HT + HB)*
= IH 12 [ + Q +  + Q) Qe' ]. (3.44)
where phase 0 is defined as
-a phase(HT HB) = phase((HB HT). (3.45)
CF used in the last section is actually ei .
Therefore, the theoretical coherence with phase effect is
-- -_____________________In..omIrnYIIIIY
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c2 (B H*) (B H*)(H H*) (B B*)
[QTQf + QB + (QB + QT) Qfe i 2
2 2(3.46)
(1 + Qf + 2Qfei )(QQ + Q2 + 2QrQfei )
The Bouguer gravity and topography are totally in phase or anti-phase when phase 4 is 00
or 180" respectively. Thus the coherence is 1. When 0 is 90', the surface and subsurface
loading is not correlated at all. This case is the conventional coherence. Partial correlation
is between 0" and 90 or 900 and 180". Figure 5.1 shows the uncorrelated coherence and
the coherence with 0 = 600. As we can see, the theoretical coherence with Te = 40 km and
= 60' can fit the scattering well. As we emphasized in the last section, correlation factor
CF is also a function of wavenumber. Therefore, we need to find the relationship between
0 and wavenumber k as what we did in Fig. 4b of Chapter 2 before we can fit the splitting
of the observed coherence. Figure 5.2 shows a range of phases between surface and
subsurface loading from 0-90'. As we can see, if phase is 0 at all wavenumbers, then the
theoretical coherence is 1 everywhere. In reality, loads with very small wavelengths will
hardly deform a plate, so the phase effect on the coherence spectra at these wavelengths is
negligible.
- In this chapter, the discussion of partial correlation between surface and subsurface
loading to fit the observed coherence is based on elasticity which may not be a good
representation of the Earth's lithospheric rheology for the Tibetan lithosphere as shown in
Fig. 6 of Chapter 2. However, whether the coherence with an inelastic rheology can
explain the scattering and splitting of the observed coherence without partial correlation
between surface and subsurface loading over the Tibetan plateau is beyond the discussion
of this chapter.
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Figure captions
Figure 1. Thin plate assumption in which we assume that the horizontal dimension of the
plate is much larger that its vertical dimension so that we can ignore stressing
normal to the plate, and shear stress parallel to the plate.
Figure 2. Forces and moments on a thin plate. M represents the normal and shear bending
moments, N represents the tectonic loading, and q is vertical loading.
Figure 3. Plate rheology. The strong region of the plate is shaded. The plate will behave
elastically except where stresses exceed those prescribed by the yield strength
envelope.
(Nxx,Nyy,Nxy) .Figure 4. Coherence with tectonic loading. (Sxx,Syy,Sxy) are Te in MPa,
which represent tectonic stresses loaded on the plate horizontally. Horizontal
compression has a negative value, and extension is positive. (4.1) Te (effective
elastic thickness) changes from 10 to 60 km with zero (solid lines) and -6000
MPa (dashed lines) horizontal compression respectively. The stars are the
observed coherence spectra over the Tibetan plateau [Jin et al., 1994]. (4.2) Te is
fixed at 40 km, and horizontal compression changes from 0 to -6000 MPa with
1000 MPa spacing. (4.3) Te is fixed at 40 km, and horizontal extension changes
from 0 to 6000 MPa with 1000 MPa spacing.
Figure 5. Coherence with partial correlation between surface and subsurface loading.
(5.1) the solid lines are the coherence without correlation (0 = 900), and the
dashed lines are the coherence with correlation (4 = 600). Te is the elastic plate
thickness. Stars are the observed coherence. (5.2) The theoretical coherence
with various degrees of correlation at Te = 40 km.
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Figure 4.1
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Figure 4.2
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The collision of India with Asia has produced a complicated continental-continental
plate boundary involving folding and faulting of variable trends and styles within and along
the margins of the Tibetan plateau. Numerous lines of evidence, including the development
of two scales of folding in Tibet, suggest that the lowermost crust is behaving in a ductile
fashion. This weak lower crust might then decouple the fundamental plate-tectonic motions
in the uppermost mantle from the complex pattern of surface faulting. In this study, we use
Bouguer gravity anomalies to map out the geometry of Indian and Eurasian plate
interactions in the mantle beneath the plateau based on both the inferred geometry of the
Moho and lateral variations in lithospheric strength determined from mechanical modeling.
In our preferred model, the lithosphere beneath Tibet consists of two distinct units: (1) the
underthrust (to the north) Indian plate, which sutures with the Eurasian plate in the upper
mantle below the Yarlung-Zangpo Suture or the Gangdese igneous belt, 200-400 km north
of the Main Boundary Thrust, and (2) the underthrust (to the south) Eurasian plate. A
subducting slab of Indian upper mantle extends about 200 km into the asthenosphere north
from the mantle suture and exerts a bending moment of about 3.5x1017N on the Indian
plate. Thus the mantle lithosphere appears to be behaving in the simple fashion of
converging oceanic plates, while the more buoyant continental crust deforms under high
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gravitational potential in a complex pattern controlled by its lateral and vertical strength
heterogeneity
Introduction
Understanding plate tectonic motion is relatively simple over the two-thirds of the
Earth's surface covered by oceans: drift of the oceanic crust at the surface of the plate is
tightly coupled to that of the mantle portion of plate. However, on the continents, surface
faults often do not have a simple relationship with the lithospheric mantle on account of
heterogeneity in deformational properties of continental rocks [Burchfiel et al, 1989;
Molnar and Lyon-Caen, 1989; Yin et al., 1994; Masek et al., 1994; McNamara et al.,
1995]. Lack of correspondence between the surface and mantle plate boundaries might be
particularly severe in cases where the crustal thickness is so great or heat flow is so high
that the lowermost continental crust behaves in a ductile fashion, acting to partially
decouple the motions in the mantle from net motion accomplished by surface faulting. In
such cases it is necessary to rely on geophysical techniques, such as mapping earthquake
hypocenters in the mantle, lateral variations in seismic properties, heat flow anomalies, or
gravity anomalies, in order to reveal the plate interactions at depth.
If mantle lithosphere and crust are decoupled as stated above [Willett and Beaumont,
1994; Royden and Burchfiel, 1995; Yin et al., 1994], the mantle portion of the continent-
continent plate boundary where the Indian plate is colliding with the Eurasian plate may be
buried somewhere far beneath the Tibetan plateau, the highest land mass on Earth. Plate
reconstructions and the polarity of paired metamorphic belts imply that the initial collision
between the Indian subcontinent and Asia involved north-dipping subduction of Tethyan
seafloor beneath the southern margin of Eurasia prior to about 50 million years ago
[Boulin, 1981; Sinha-Roy, 1982]. Maps of the surface geology present a very complicated
scenario for how that collision is being accommodated at present, at least in terms of crustal
deformation. The current locus of thrusting occurs mainly along the Main Boundary
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Thrust (MBT) at the southem foot of the Himalayas (Figure 1), but this is clearly absorbing
shortening within Indian crust since the geologic boundary between rocks of Indian versus
Asian affinity occurs farther north at the Yarlung-Zangpo suture zone, which has been
severely modified by north and south dipping crustal thrust systems [Yin et al., 1994]. To
complicate matters even further, the predominant pattern of contemporary deformation
within the Tibetan Plateau consists of roughly east-west-trending strike-slip faulting
[Molnar and Tapponnier, 1975; Tapponnier et al., 1982; Burchfiel et al., 1989], with even
some east-west extension occurring in the high Himalaya [Armijo et al. 1986; Dewey et al.,
1988; Pan and Kidd, 1992; Masek et al., 1994]. More north-south shortening in response
to the collision is accommodated at the northern edge of the plateau, where a flexural
foredeep has developed along the southern edge of the Tarim basin [Avouac and Peltzer,
1993], and again even further north within the Tien Shan, a Paleozoic fold belt reactivated
by folding and faulting in the Tertiary [Avouac et al., 1993].
The question we address here is whether the complex surface pattern of deformation
reflects deformation in the mantle as well, or whether plate boundaries at depth are
fundamentally very simple, just as they are in the ocean basins. Theoretical models for the
uplift of the Tibetan plateau have made two very different assumptions concerning this
point. For example, the viscous sheet models of England and McKenzie [1982] implicitly
assume a single plate, with the mantle thickening and deforming in concert with the
overlying crust. On the other hand, the numerical simulations of Willett and Beaumont
[1994] assume that a weak lower crust partially decouples the upper crust from the mantle,
which is modeled as the Eurasian plate underthrusting the Indian plate beneath the northern
edge of the plateau. This scenario requires a reversal in subduction polarity since the time
of subduction of Tethyan seafloor and predicts largely independent strain patterns in the
crust versus the mantle. In this study we use Bouguer gravity and topographic data to
constrain the geometry of the plates beneath the Tibetan plateau.
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The Data
The area for which we obtained Bouguer gravity and topography data is shown in
Figure 1. Most of the area is in the People's Republic of China, bounded by India in the
south and by the former Soviet Union in the northwestern corner of the map. The data in
China were compiled by Ocean University of Qingdao, People's Republic of China. The
original point gravity measurements were based on the Potsdam standard within the
geographical reference of the Beijing Coordinate System and the Yellow Sea Elevation
System. Data were reduced using the Helmert Normal Gravity Formula for gravity on the
spheroid and converted to free air anomalies. The Bouguer gravity field was calculated
using a topographic density of 2670 kg/m 3, and terrain corrections were applied out to a
distance of 166.7 km [Sun, 1989]. Through a scientific collaboration agreement between
the Ocean University of Qingdao and the Massachusetts Institute of Technology, the
gravity and topography data were interpolated for us onto a 5'x5' grid. Although the
original point measurements were fairly evenly distributed over the plateau, the lower limit
on the wavelengths resolved is closer to 10' than 5', except in a few well-sampled areas.
The cumulative error in the Bouguer gravity field is estimated to be 1.5 mGals [Sun,
1989], including errors in elevation but not uncertainty in the Bouguer reduction density.
The validity of the topographic data was verified by Eric Fielding at Cornell University by
comparing our values over a 2°x2' area with an independent, even higher-resolution, digital
elevation model [Fielding, 1994]. Although there is a small discrepancy in the registration
of the two topographic data sets, the average differences are less than 10 meters.
The data on the Indian side are from the Lamont Geobase, which includes land gravity
measurements assembled from various sources by Garry Karner and others at Lamont-
Doherty Earth Observatory of Columbia University [Watts et al., 1985]. The lack of
gravity constraints from Nepal (about 200 km ) leaves an unfortunate gap in the gravity
signal from the Indian plate descending beneath the Himalaya in the region where a major
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change in gravity gradient occurs. The exact location of the change in gradient therefore
remains unconstrained (Profiles 1-5 in Figures 2-10).
The gravity data in the former Soviet Union is described in Kogan and McNutt [1993].
Modeling Strategy
Bouguer gravity anomalies reflect lateral variations in density at depth. The largest
vertical density discontinuity near but beneath Earth's surface occurs at the Moho. In order
to maintain isostatically the elevation of the high and broad Tibetan plateau, the thickness of
the Tibetan crust is approximately doubled compared to that of the Ganges and Tarim
basins south and north of the plateau, respectively. This large variation in Moho depth
contributes most of the signal in the Bouguer gravity anomaly. In our previous
examination of the gravity field over Tibet [Jin et al., 1994], we inferred that the source of
the Bouguer gravity anomaly at wavelengths greater than 230 km is located at the presumed
depth of the Moho or deeper, with the shorter wavelength signal arising from folding and
faulting of shallower density discontinuities within the upper crust. The short-wavelength
(< 230 km) part of the gravity signal suggests that the Tibetan lithosphere is rheologically
layered, consisting of mechanically competent upper crustal and mantle layers separated by
a weak low-viscosity zone in the lower crust. The longer-wavelength (> 230 km) portion
of the signal that originates at or below the Moho contains approximately 95% of the power
in the total signal. Therefore in what follows we model the longer wavelength Bouguer
gravity signal as arising from deformation of the upper mantle in response to the weight of
the plateau and plate collision.
We considered fits of flexural models to 6 profiles across the plateau (Figure 1).
Profiles 1-5 are perpendicular to the Main Boundary Thrust (MBT in Figure 1) and Profile
GT is along Geotransect 3 [Wu et al., 1991] to compare with the results from the
INDEPTH seismic reflection project [Zhao et al., 1993]. Because of the lack of prior
constraints on the structure of the upper mantle beneath Tibet, we had to allow for a
I ___ _ I _~__~_ _ __ _ _ _ _ r __ __; __ I
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considerable latitude in possible plate models. For example, we examined the best fitting
models assuming either one continuous plate beneath Tibet or up to three separate plates.
The elastic plate thickness (Te) of the plate or plates was allowed to vary laterally, and we
had to consider the possibility of lateral compression on the system. Theoretical deflection
of the elastic plate or plates was calculated using the 2-dimensional finite-difference method
of Sheffels and McNutt [1986] for pairs of variable-rigidity elastic plates subjected to
vertical and horizontal loads, and the corresponding gravity was computed using Okabe's
[1979] formula. The surface load was assigned a uniform density of 2670 kg/m3 , except
in the Tarim Basin just north of the plateau where we allowed for a 1 km thickness of sand
with density 2100 kg/m 3 and 6 km of sediments with an average density of 2500 kg/m 3
[Teng et al., 1991].
Results
Although interpretation of gravity data is always nonunique, the following features
became apparent as we examined fits to the data along the six profiles under various
modeling assumptions. These features will be illustrated only on Profile 1, although the
conclusions are generally valid for all cross-sections.
(1) No continuous plate of uniform or variable rigidity comes close to fitting the gravity
along the complete profiles from the Indian plate north across the plateau to the Tarim
Basin. Figure 2 examines the fit to the gravity data along Profile 1 for several simple
models: Airy isostasy (Te=0 km), an elastic plate (Te=90 km), and the best-fitting
continuous elastic plate with variable rigidity. Even the best continuous plate model
produces large, systematic misfits to the data (root-mean-square misfit=31 mGal out of a
total signal of 422 mGal), and is only a marginal improvement over the Airy model
(misfit=37 mGal).
(2) Successful models all required a high-rigidity Indian plate on the south (elastic plate
thickness Te=90 km beneath the Ganges Basin) and a moderately-rigid (Te=40-45 km)
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Eurasian plate (consisting of lithosphere from the Tarim Basin and Tibet) on the north
(Figure 3) in order to match the dip of the underthrust Indian plate from the south and the
dip caused by regional compensation from the low Tarim basin to the high Tibetan plateau
from the north. These values are quite consistent with those determined previously using
the same data for the Indian plate [Karner and Watts, 1983; Lyon-Caen and Molnar, 1983;
Royden, 1993] and a meager set of 16 pendulum gravity measurements [Armboldt, 1948]
for the Tarim Basin [Lyon-Caen and Molnar, 1984].
(3) Fits to the Bouguer gravity data along all of the profiles were substantially improved
when the Indian plate was allowed to weaken while passing beneath the high Himalaya
(Figure 4). The exact location of the change in rigidity is difficult to pin down on some
profiles because of the absence of gravity data from Nepal, but the fact that the inferred
trend of the Bouguer gravity beneath Tibet from the Chinese data lines up with that from
the Indian side suggests that we are seeing a change in rigidity within one plate rather than
the end of the Indian plate, which must lie well north of Nepal. The descent of the Asian
plate can be traced continuously, and more modest weakening is also observed (Te drops to
30 or 35 km).
(4) The sharp hinge at about 300 km from the MBT cannot be matched with any continuous
plate models; we interpret the hinge zone as the mantle suture between the Indian and Asian
plates. Simply breaking the elastic plate at this hinge is still not sufficient to match the
gravity data for the Indian plate, however, unless we add a bending moment of about
4.5x10 17N to the end of the Indian plate (Figure 5).
(5) The positive upwarp of the observed Bouguer gravity at the center of the plateau for a
distance of typically 400 km (Figure 5) is inconsistent with elastic models of any rigidity
subjected to vertical loads, bending moments, and/or horizontal compression. One possible
explanation is to model the upwarp in the gravity field beneath Tibet as buckling of an
elastic-plastic plate [e.g., McAdoo and Sandwell, 1985]. However, the overburden
pressure at the depth of the Tibetan Moho is so large that in-plane forces exceeding 1.6
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GPa (16 kbars) are required to produce an arch of the correct magnitude, even assuming
complete failure of the elastic core of an elastic-plastic plate. Although we cannot rule out
the possibility that large in-plane forces act on the mantle lithosphere beneath Tibet, it is
unlikely that they are solely responsible for the gravity arch over the center of the plateau.
(6) On the other hand, we obtain an excellent fit to the data (misfit=20 mGals) if we
assume that the source of the bending moment on the Indian plate discussed in (4) above is
a subducting slab with a density contrast of 100 kg/m 3 relative to the surrounding
asthenosphere (Figure 6). Since 20 mGals is also the size of the gravity contribution from
folding and faulting of the upper crust that we have not attempted to model here, we
consider this model an acceptable fit to the gravity data. In this scenario the gravity arch is
not reflecting Moho geometry, but rather the gravity effect of the slab below the Tibetan
upper mantle.
(7) A slightly more complicated model (Figure 7) includes the gravitational effect of the
subducted slab and the effect of 20-50 MPa of shear stress on the fault surface between the
subducting Indian plate and the overriding Asian plate. Most of the upwarp in the observed
Bouguer gravity still comes from the extra mass of the subducted Indian plate, but in
comparison to the model described in (6) above, some relief on the Moho beneath Tibet is
now produced by the bending moment generated by the shear stress on the fault. This
model agrees well with Moho depths (Figure 7) acquired during the recent deployment of
broadband seismometers associated with the INDEPTH II project [James Ni, personal
communication]. Figures 8-12 show the fits to the gravity data of this preferred plate
solution, including the mechanical and gravitation effects of the subducting Indian plate,
along the other 5 cross-sections. The rms misfit of this subducting slab model is about 20
mGal, an improvement of nearly a factor of two over the Airy and continuous plate models.
77
Discussion
We can use other geological and geophysical information to test some features of our
model derived from gravity. For example, the position of the Indian plate is constrained at
least locally from INDEPTH deep seismic reflection data [Zhao et al., 1993] coincident
with our profile GT (Figure 7). The reflector depths [Makovsky and Klemperer, 1995]
from the Main Himalayan Thrust (MHT) in INDEPTH correspond to the skinned top of the
Indian plate in our model.
Another test of our model is whether the amount of underthrusting of the Indian plate
provides sufficient convergence to create the topographic plateau. Along each profile we
modeled, the subducting Indian plate extends 200-400 km north of the YZS, or 500-700
km north of the MBT. If 40 km of crust is scraped off the Indian plate between the mantle
suture and the apparent end of the slab (assuming this represents subducted continental
lithosphere) as determined from gravity modeling, the Tibetan crust could be thickened
from 40 to 60 km across a plateau 800 km wide. This simple calculation based on a series
of 2-D profiles thus accounts for most, but perhaps not all, of the observed crustal
thickening. Arc magmatism prior to continent-continent collision and obduction of oceanic
sediments might also have contributed to crustal thickening. Note that according to our
model, crustal thickening occurs by some sort of crustal injection within the lower crust, in
the manner of Zhao and Morgan [1987], and thus does not predict any significant
overthrusting of the Tarim Basin along the Altyn Tagh at the northern boundary of the
plateau.
The best fit to the gravity data along all profiles assumes that the subducted part of the
Indian plate north of the YZS lies nearly horizontally (inferred dips=20 to 40) beneath the
Eurasian lithosphere, in effect, underplating it up to a point just north of the central part of
the plateau (Figure 13). It is intriguing to note that the zone of inefficient Sn propagation
identified by Ni and Barazangi [1983] and Beghoul et al. [1993] lies in the slabless
window just north of the end of the subducted Indian plate according to our gravity model.
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The most likely source of the shear stresses (mentioned in result #7) on the lithospheric
fault separating the Indian and Asian plates in our preferred model is lateral compression
across this collision zone. Depending on the exact dip of the fault, average shear stresses
of 20-50 MPa would correspond to lateral compression of 100 to 200 MPa (1 to 2 kbars)
averaged over the thickness of the plate. Stresses of this magnitude may cause olivine-rich
mantle minerals in the Eurasian upper mantle to line up in the E-W direction and produce
the observed shear wave splitting beneath nothern Tibet [McNamara et al., 1994]. Also,
the only deep earthquake in the Harvard CMT catalogue is at the proper position (Figure
13) and depth (81 km) to be attributed to stress on this fault. However, the focal
mechanism determined for this earthquake is predominantly strike-slip, indicating that
motions in the mantle are not quite as simple as our model might suggest.
Other features of our model are not so well supported by other constraints. For
example, the oldest core drilled in the Tarim Basin is Ordovician, and the basement may be
older than Cambrian based on reflection profiles [Ma et al., 1991]. Thus we are surprised
by the 40-km value for Eurasian elastic thickness, a value expected for a continental plate of
Mesozoic age. Unexpectedly low values of elastic thickness have elsewhere been attributed
to decoupling of the crust and mantle, inelastic failure, or thermal reheating. There is no
evidence to date that the crust and the upper mantle are decoupled beneath the Tarim Basin,
and from our flexural modeling and the previous work by Lyon-Caen and Molnar [1984],
we can see that Te of the Tarim basin is not greater than 45 km even where it is gently
flexed before it dives into its southern foredeeps. Thus thermal weakening at the base of
the Tarim lithosphere may be a candidate to explain its low Te value and might contribute to
the inefficient propagation of seismic waves noted by Ni and Barazangi [1983] beneath the
northern plateau. On the other hand, an elastic plate thickness of 45 km is the upper bound
found for oceanic lithosphere. Perhaps the Tarim Basin is underlain by oceanic crust [Hsii,
1988] which, for some reason, never obtains the elastic strength of continental lithosphere
at comparable old ages.
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Our model also runs counter to the predictions of many of the theoretical models for the
formation of the Tibet plateau, except for those that resemble the model proposed by
Barazangi and Ni [1982]. For example, our conclusion that the Indian upper mantle is
being subducted differs from models that produce distributed shortening and thickening of
both Indian and Asian upper mantles beneath Tibet [Dewey and Bird, 1970; Houseman et
al., 1981]. However, our model also avoids the problem inherent in the distributed
shortening models of having to then invoke delamination of the Asian upper mantle through
some sort of convection instability [England and Houseman, 1989] in order to avoid a
thick, cold, dense mantle lid which would be inconsistent with the high elevation of the
plateau and the poor propagation of S, waves beneath north-central Tibet.
More recently, Willett and Beaumont [1994] have modeled the mantle suture as the
junction between a "conveyor belt" (the subducting plate) and a stationary plate (the
overriding plate). As the conveyor belt turns, crustal material is transported towards the
mantle suture from the descending plate and scraped off onto the stationary plate on account
of decoupling supplied by a weak lower crust. As the crust thickens, the surface suture
migrates across the stationary plate away from the mantle suture, such that the former is
near one edge of the plateau and the latter near the other. Therefore, in order to explain the
fact that the YZS is near the southern edge of the plateau, Willett and Beaumont [1994]
must assume that the mantle suture underlies the northern edge of the plateau and that the
Eurasian plate is the subducting plate (the conveyor belt). While we agree that a weak
lower crust serves to decouple the deformation of the crust from that of the mantle [Jin et
al., 1994], we determine the opposite polarity of subduction and a southern position for the
mantle suture (Figure 13). Of course, the model of Willett and Beaumont [1994] does not
yet consider the rheological difference between the plates in the mantle, which indicates that
the Eurasian plate is much more easily flexed than the Indian plate, or the effect of isostasy
on crustal flow.
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The relatively smooth Moho derived from our gravity study does not match the rough,
thrusting-dominated structure with a south dipping Moho beneath the High Himalayas and
a 20-km-high step near Kangmar as suggested by Him et al. [1984] and Him [1988] based
on a wide-angle seismic study. Furthermore, Him's crustal thickness, about 50 km on
average for the Lhasa block and as thin as 40 km in some places, is insufficient for isostatic
compensation of the high plateau. This model is also incompatible with Zhao's [1993]
smooth, north-dipping Moho and James Ni's [personal communication] latest broadband
results shown in Figure 7. The reason for these discrepancies may be that Him's Moho
structure is derived from seismic travel times assuming a constant crustal velocity. The
seismic refraction data of Makovsky et al. [1995] demonstrate that the crustal velocity
structure of Tibet is actually quite complicated.
Conclusions
We conclude that it is possible to satisfy the gravity data for Tibet with a very simple,
oceanic-type model for plate interactions in the upper mantle in which the mantle portion of
a gravitationally heavy Indian plate is subducted beneath the Eurasian plate for a distance of
500-700 km north of the Main Boundary Thrust. The proposal that India is being
subducted beneath the southern margin of Asia is certainly not new [Barazangi and Ni,
1982; Argand, 1924]; however, the Bouguer gravity data has aided in pinpointing the
location of the mantle suture and in quantifying the rigidity, depth, and lateral extent of the
interacting plates. Our preferred model for the lithospheric structure beneath Tibet includes
a stiff (Te = 90 km but weakening beneath the Himalaya) Indian plate underthrusting Tibet
to approximately the YZS subjected to a terminal bending moment supplied by a subducting
Indian slab. North of the YZS, the plateau rests upon a moderately stiff (Te = 40 km)
Eurasian plate underthrusting from the north. The elastic plate model is strikingly similar to
that originally proposed by Lyon-Caen and Molnar [1983]. The fact that the weakening of
the Indian plate coincides with the edge of the plateau (Figure 13) suggests that it marks the
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location where the Indian crust is skimmed off the mantle lithosphere and perhaps injected
into the Tibet lower crust in the manner suggested by Zhao and Morgan [1987]. Figure 13
also shows the map projection of the mantle suture between the Indian plate and the
Eurasian plate; it lies less than 100 km north of YZS, which marks the suture in the upper
crust. This model explains 95% of the Bouguer gravity signal, the other 5% apparently
arising from folding in the upper crust [Jin et al., 1994].
We determine that the mantle suture between Indian and Asian plates lies just north of
the YZS. Over time since the collision, the active surface fault has migrated to the south of
the YZS and is now positioned at the MCT (Figure 1). Although our gravity data only
provide information on the present geometry of the mantle suture, it is not unreasonable to
suggest that the mantle suture has remained relatively stable over the same period if indeed
the mantle portion of the plate boundary is behaving in a manner analogous to oceanic
subduction. In this case then, the southward migration of the surface suture would not be
caused by any fundamental forces in the mantle, but rather by the changing state of the
stress in the crust caused by the growing gravitational load of the plateau.
When adopting a forward-modeling approach, it is impossible to be completely
exhaustive in examining models to fit the observations. Nevertheless, we believe that it
would be extremely difficult to obtain a comparable fit to the data with models that involve
distributed shortening in the upper mantle or subduction of Asia beneath India at a mantle
suture beneath the northern plateau.
Of the many surface faults that deform the Tibet crust, only the MBT is directly
connected to a fundamental plate boundary in the mantle. Thus we find no evidence for
plate tectonic motions in the mantle driving slip along the other faults in the Himalaya and
Tibet. Molnar [1988] has suggested that the stress induced by the overly thickened crust
itself may be what causes the normal faulting in the high Himalaya. Such stresses within
the crust may also be responsible for the eastward motion of Tibet [Dewey et al., 1988],
given the slightly high elevation of the plateau in the west.
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Figure captions
Figure 1. Location map for the Tibetan plateau. Numbered lines are the locations of the
profiles modeled in this paper. Dash-dot lines are political boundaries. The background
contour is topography in meters. MBT is the Main Boundary Thrust. Profile GT is along
the Geotransect 3. The short, heavy line north of Yadong shows the location of the
INDEPTH seismic reflection profile [Zhao et al., 1993]. The triangles to the north of
INDEPTH are the locations of a temporary deployment of broadband seismic stations.
Figure 2. Fit of simple continuous-plate models to Bouguer gravity data along Profile 1.
(a) Topography. (b) Bouguer gravity and predicted Bouguer gravity for Airy isostasy, a
constant rigidity elastic plate with Te=90 km, and a variable rigidity model for a continuous
plate. The Nepal data gap is located at the large transition zone of gravity and topography.
Figure 3. Topography and Bouguer gravity along Profile 1, showing model fits for a two
plate system with several different values for the constant elastic plate thickness for the
Indian plate on the south. The Eurasian plate to the north is assumed to have an elastic
thickness of 40 km. The Bouguer gravity predicted by the Airy model is shown for
reference. The observed topography is the only load on the plates.
Figure 4. Elastic plate models as in Figure 3, except that the Indian plate is allowed to
weaken beneath the Himalaya. Beneath the Ganges Basin, the elastic plate thickness for
India is fixed at 90 km. The observed topography is the only load on the plates.
Figure 5. Elastic plate models as in Figure 4, except that a terminal bending moment
M=4.5 x 1017 N is applied to the Indian plate at the mantle suture between the Indian and
Eurasian plates, assumed to correspond to the sharp hinge zone as marked.
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Figure 6. (a) Fit to the Bouguer gravity data along Profile 1 for a model in which the
Indian plate has an initial elastic thickness of 90 km, which reduces to 58 km after it passes
beneath the high Himalaya. The Eurasian plate begins with an elastic thickness of 45 km,
which reduces to 35 km beneath the northern part of the plateau. The mantle suture lies at
the hinge zone. The positive upwarp in the gravity data is caused by a slab of subducted
Indian lithosphere underlying central Tibet which also supplies a bending moment to the
Indian side of the plate system. The gravity prediction for Airy isostasy are shown for
reference. (b) Crustal model corresponding to the gravity interpretation in (a). The thin
line shows the predicted position of the Moho according to Airy isostasy for comparison.
Because the fit to the Bouguer gravity data in (a) only depends on the product Dr w where
Dr is the density contrast across the Moho and w is the Moho deflection, the absolute depth
of the Moho is not uniquely determined by gravity modeling alone without some
assumption of Dr. In this case, we chose Dr=400 kg/m 3 so that our Moho depths would
agree with those derived from INDEPTH seismic data from southern Tibet [James Ni,
personal communication; Makovsky & Klemperer, 19951.
Figure 7. (a) Fit to the Bouguer gravity data along Profile GT for a model in which the
Indian plate has an initial elastic thickness of 90 km, which reduces to 30 km after it passes
beneath the high Himalaya. The rigidity of the Eurasian plate is not well constrained on
this profile, but elastic plate thicknesses between 30 and 50 km fit the data well. The
mantle suture lies at the hinge zone. The Indian plate is subjected to a terminal bending
moment of 4.5 x 1017 N by a slab of subducted material. The positive upwarp in the
gravity data is caused by this subducted slab and by a moment of 3.5 x 1017 N applied to
the Eurasian plate. This moment could be produced by 20-50 MPa of shear stress along
the mantle suture. The gravity prediction for Airy isostasy is shown for reference. (b)
Comparison of crustal model corresponding to the gravity fit from (a) to INDEPTH seismic
reflection data [ Makovsky & Klemperer, 1995] and broadband seismic data (stars around
~I _ __ I_
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the mantle suture ) [James Ni, personnal communication] along Profile GT. The Indian
foredeep basin and MBT location are schematic.
Figure 8. Same as Figure 7, except for data from Profile 1. The best fitting elastic plate
thicknesses and bending moments are as shown. The crustal thicknesses on both sides are
derived from the lower limits of the mechanical thicknesses for both plates. The Indian
foredeep and the Tarim sediments are schematic.
Figure 9. Same as Figure 8, but for Profile 2.
Figure 10. Same as Figure 8, but for Profile 3.
Figure 11. Same as Figure 8, but for Profile 4.
Figure 12. Same as Figure 8, but for Profile 5.
Figure 13. Map view of the locations of the northernmost extent of the Indian plate
("Indian mantle front"), the mantle suture between the Indian and Eurasian plates, and the
zone where the Indian plate weakens from Te= 9 0 km to Te=30 km based on our flexural
modeling. The region of poor propagation of Sn is plotted on the map for comparison.
The earthquake focal solution shown in the figure is the only one deep earthquake (81 km
deep) in the Harvard CMT catalogue within the plateau. Its epicenter is close to Profile 4
(Fig. 1) and its hypocenter is roughly located in the mantle suture zone (Fig. 11).
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Chapter 5
Decoupling process of the Tibetan lithosphere
from viscous modeling
Abstract
Analysis of gravity and topographic data suggests that the Tibetan lithosphere is
decoupled into a strong upper crust and a strong upper mantle lithosphere by a thick, weak
lower crust. The strong upper crust is deformed in a characteristic wavelength of about
200 km and the strong upper mantle lithosphere is deformed in a wavelength of about 400
km. Elastic rheology shows that if the deformation is caused by the horizontal
compression due to the convergence between India and Eurasia, then the compression is
over 6,000 MPa which exceeds the rock strength for the Earth's lithosphere. By
introducing a more realistic rheology for the Tibetan lithosphere with lithospheric strength
linearly increasing in the strong upper crust and the strong upper mantle, and with strength
exponentially decaying in the lower crust and the other part of the upper mantle, we found
that our model lithosphere for Tibet can be decoupled with a reasonable convergence rate of
20 mm/yr. In order to fully decouple the Tibetan lithosphere into two parts, the strong
"brittle" upper crust and the strong olivine rich upper mantle lithosphere, the "brittle" upper
crust must be as thin as about 15 km for the whole Tibetan plateau to be consistent with
active and passive seismic observations, and the exponentially-decaying viscosity structure
due to temperature may have a high probability to be displaced by a fully-developed thick,
weak lower crust of approximately uniform viscosity (- 1019 Pa s). A strength envelope of
the crust with a sharp transition from brittle to ductile may also not be a good candidate as
the rheology for the fully-developed weak, thick lower crust at present. The traditional
gradually-transitional zone is more plausible between the brittle to the ductile on the
_ _ _ __^_1 __111 _ 
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strength envelope for the continental lithosphere. At the current stage of fully-developed
thick, weak lower crust of approximately uniform viscosity, the lower crustal flow forms a
pinch-and-swell or mullion structure as a result of the convergence between India and
Eurasia.
1. Introduction
The convergence between India and Eurasia creates a variety of deformation features
related to various rheologies. Examples of brittle deformation features are: Thrust faults
are formed around the Tibetan plateau. Mass from the highly elevated plateau is being
transferred to the southeast along the major strike slip faults [Molnar & Tapponnier, 1975;
Tapponnier, et al., 1982; Holt & Haines, 1993]. Part of the high Himalayas is
gravitationally collapsed along the southern Tibetan detachment system [Burchfiel and
Royden, 1985; Royden and Burchfiel, 1987]. The southern plateau is bisected by a series
of north-verging graben systems [Armijo et al., 1986].
Examples of ductile deformation features are: In the upper crust of central Asia as well
as in the oceanic part of Indian plate just south of the Bay of Bengal, large scale folds with
a wavelength of 50-200 km have been revealed by seismic, gravity and topography data
[Weissel et al., 1980; McAdoo and Sandwell, 1985; Zuber, 1987; Burov et al., 1993; Jin et
al., 1994; Yu et al., 1995]. In the lower crust of Tibet, a thick, weak layer is well
developed [Jin et al., 1994; Masek et al., 1994]. In the uppermost mantle, strain-related
shear wave splitting is observed within the Eurasian plate beneath the plateau [McNamara et
al., 1994]. Gravity and broadband seismic data also show that the frontal part of the
Eurasian plate is warped up [Jin et al., 1996; Ni et al., 1995; Nelson et al., 1996].
Furthermore, in map view, seismic velocities are "shield-like" along the uppermost mantle
in the western and southern parts of the plateau [Barazangi and Ni, 1982; McNamara et
al., 1997] and lower in the northern plateau [Woodward and Molnar, 1995; McNamara et
al., 1997].
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With the above diversified deformation features from brittle faulting, plastic folding,
unknown crustal doubling, and underplating [Jin et al., 1996], we may ask what the best
rheology is to represent the continental lithosphere in Tibet? Brittle failure dominates upper
crustal deformation, but it is a discontinuous process. It is difficult to incorporate brittle
behavior into a model in which the lithosphere is approximated as a continuous medium
with elastic properties of solid behavior or dislocation creep of subsolid behavior [Turcotte
and Schubert, p. 315 and p. 326, 1982]. Furthermore, we can not model the evolution of
faulting until we introduce the constitutive laws of dynamic friction which may be highly
nonlinear [Rice and Ruina, 1983; Gu et al, 1984]. Elasticity has significant limitations
when used to model time-dependent continental deformation even though it is very
successful in representing the flexural state of a rheologically simpler oceanic lithosphere.
Elasticity is also only a static representation of deformation at present. In chapter 3 of this
thesis and modeling from other workers, we can see that in order to significantly deform an
elastic plate, the theoretical horizontal compression is one or two orders larger than the
observed compression within the Earth's lithosphere. For instance, to fit the observed
coherence spectrum of Tibet, we need a horizontal compression of 6000 MPa if the Tibetan
lithosphere is purely elastic. In summary, there is no single rheology which can represent
the complete deformation of the Tibetan lithosphere.
In this paper, in order to simulate the geometrical change and intrinsic strength
evolution of the lithosphere with time in the Tibetan plateau and its vicinity, and in order to
further understand the spectral slitting of the observed gravity and topography [Jin et al.,
1994], we invoke a viscous rheology and 2-D finite element technique, investigate the
interior deformation modes under the regime of this viscous rheology, and then compare
the major deformation features such as crustal thickening, decoupling between the upper
crust and the uppermost mantle, and crustal folding [Jin et al., 1994] with our theoretical
deformation modes. For the rheology of our viscous modeling, we assume that the upper
crust has an extremely high order of power law to represent its plastic and pervasive
~ ___
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faulting behavior of discontinuous deformation [Fletcher and Hallet, 1983] and that the
lower crust and the upper mantle have a dislocation creep rheology with the strength
decaying exponentially with depth.
2. Three deformation modes of Tibet
There are three major deformation modes of the Tibetan lithosphere, which are
represented by their characteristic lengths of about 1200, 400, 200 km in the north-south
direction. They are all three dimensional features. The first deformation mode is the
Tibetan plateau itself, which is caused by the regional isostatic compensation [Jin et al.,
1996] of the thickened Tibetan crust due to crustal doubling. As we can see from Fig. 1,
this largest mode appears on the combined data set of topography and Bouguer gravity
anomalies from China [Jin et al., 1994, 1996] and the Lamont database [Watts et al.,
1985]. The plateau is about 10 degrees wide as measured from the center of Himalayas in
the south to the center of Altyn Tagh in the north. Even an elastic plate of Te = 80 km will
be nearly compensated in Airy isostatic style with a load over 1000 km in wavelength
[Forsyth, 1985]. That is why from the Bouguer gravity we can see a well compensated
image of the plateau with an average gravity of -500 mGal, and that is why the deepest root
from the Bouguer gravity in Fig. 1 is beneath Tanglha Shan [Jin et al., 1994] rather than
corresponding to the largest loads of Kunlun and Gangdese. The second mode is revealed
on the filtered longer wavelength Bouguer gravity with wavelengths between 300-600 km
(Fig. 2a). The gravity high striking in the WNW direction in the southwestern plateau is
perpendicular to the convergent direction between India and Eurasia, and is explained as the
effect both from the frontal flexural bulge of the Eurasian mantle plate and the extra mass of
the subducted Indian mantle slab [Jin et al., 1996]. The gravity low parallel to the Altyn
Tagh fault in the northwestern plateau has not been suitably explained to the best of our
knowledge. The third mode is demonstrated in the shorter wavelength Bouguer gravity
anomalies (Fig. 2b). These anomalies are peaks and troughs with wavelengths around 200
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km. They line up in the WNW direction in the southwestern plateau, strike in the N-E
direction in the northwestern plateau, trend in the S-E direction in the northeastern plateau,
and turn to nearly E-W direction near the east syntaxis of the plateau. These short
wavelength gravity anomalies have been interpreted as upper crustal folding features [Jin et
al., 1994] because there will be no gravity anomalies detectable if mass anomalies of this
size or smaller occur at the Moho or deeper [Jin et al., 1996]. However, lateral variation of
density due to lithological change between sediments and basement exposures, which is not
available at present, cannot be excluded in the explanation of the origin of these shorter
wavelengths anomalies (Burchfiel, pers. comm.). The above three deformation modes are
all 3-D features. However, as an initial attempt to understand the chronological relationship
among the modes during the evolution of the Tibetan plateau we perform 2-D numerical
simulations with vertical rheological stratification of the lithosphere. For instance, we
explore how the underthrusting Indian plate thickens the Tibetan crust and how the upper
crustal folds are formed after a well-developed weak lower crust decouples the strong
upper crust and the strong upper mantle.
The quality of the data set shown above in Fig. 1 is explained in [Jin et al., 1994,
1996]. The data set used here is a combination of two data sets from China and Lamont
data base respectively.
3. Necessity of numerical modeling for the Tibetan lithosphere
Modeling lithospheric deformation with viscous rheology can be generally categorized
into two domains: analytical methods and numerical methods. The analytical approach for
folding can first date back to Biot [1959], but more concise quasi-analytical representation
of viscous deformation based on infinitesimal amplitude perturbation of the equations of
motion is attributed to Smith [1975, 1977]. However, because the primary concern of that
analysis is surface structure of scales of 1 km or less, Smith completely ignored one of the
two fundamental instabilities of viscous deformation, gravitational instability, and
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concentrated on the study of shearing instability for a structurally simple one layer model
[Smith, 1977]. Shear and gravity instabilities are the effects from an perturbed interface if
viscosities and densities vary across the interface. If the interface is flat, instabilities are not
introduced even though viscosities and densities are different from both sides of the
interface. Therefore the instabilities are introduced from small lateral variation of the
interface in a general vertically-inhomogeneous medium [Smith, 1975, 1977; Fletcher &
Hallet, 1983; Zuber et al., 1986]. With linearization of the perturbation to the equations of
motion and the non-Newtonian flow law, Smith set up the relationship of major harmonic
deformation features of folds, mullions, boudinage and inverse folds with the fundamental
shear instability of viscous flow. However, his model is constructed with a semi-infinite
medium on both sides of his single layer, and he also prescribed his stream function field in
the quasi-analytical problem as symmetric (or antisymmetric) so that he could largely
reduce his eigenvalue problem of deformation growth rate to a 4x4 matrix. His model is
far from the reality for the Earth's lithosphere, which has a free surface on the top, extends
to significant depth below, and has a variable viscosity or strength.
Fletcher & Hallet [1983] applied the quasi-analytical approach to a more realistic case
for the Basin and Range province of the western U. S., and they invoked the criterion of
viscous representation for a brittle plastic surface layer underlain by a temperature
dependent half space as the Earth's mantle. Thus their eigenvalue problem for the growth
rate is complicated to a 6x6 matrix. In addition to the above advantage over Smith's model,
they also take into account the other fundamental instability, the gravitational instability, on
the Earth's free surface. Even though the new model represents significant step towards
reality, it reveals no more modes of deformation with both instabilities. Their model is still
under the shadow of Smith's regime with harmonics to excite the incipient deformation
modes. Their necking mode is essentially the boudinage mode of Smith.
Zuber et al. [1986] and Ricard and Froidevaux [1986] finalized full application of the
quasi-analytical approach to the continental lithosphere which possesses a strong upper
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crust, a weak lower crust, a strong upper mantle and a weak substrate. The density
variation at the Moho is also taken into account. This model includes many major elements
of continental rheology but complicates the inherent eigenvalue problem to a 14x 14 matrix
system. By technically adding 4 growth rate equations into the system, the eigenvalue
problem is decomposed into a 4x4 matrix from the 18x18 matrix system. This
decomposition conquers the rapidly enlarged eigensystem when a realistic continental
lithosphere is proposed and the new system incorporates both of the fundamental
instabilities. However the viscous deformation mode is still originated from the shearing
instability. Gravitational instability only plays a role to reduce the shear instability but it
generates no other deformation modes due to its own instability because of the harmonic
treatment of loading. The deformation system framed by Smith [1975, 1977], and Fletcher
& Hallet [1983] is a viscous representation of the Earth's lithosphere which may
demonstrate a variety of other deformation modes such as plateaus and grabens.
Therefore, in order to reveal other deformation modes in the deformation system, Zuber
and Parmentier [1986] suggested to use an initial Gaussian perturbation on an interface
between layers for a graben mode instead of a harmonic perturbation. Bassi and Bonnin
[1988] further formularized the Fourier summation of the initial Gaussian load. Neumann
and Zuber [1995] also revealed a graben mode based on the summation of higher order
dominant deformation in a plastic layer.
The upper crust is dominated by brittle failure which is characterized by a linear
increase of rock strength [Goetze and Evans, 1979]. However, if the strength of the upper
crust is represented by a linear increase of viscosity, the coefficients of the fourth order
governing equation [Fletcher & Hallet , 1983] for the perturbed flow field will not be
constants. The equation contains a regular singular point around the surface [Bender and
Orszag, p. 62, 1978], and can only be solved with Frobenius expansion [Bender and
Orszag, p. 68, 1978], which is beyond the further discussion of this paper.
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In general, the quasi-analytical approach is subject to some disadvantages in geological
application. First it only provides the incipient deformation. When the layered initial
structure changes with deformation and viscosity variation is localized due to the power law
dependent strain rate softening, the quasi-analytical system breaks down. Second because
the shear strain rate in the major flow of the quasi-analytical solution is assumed to be zero,
the coupling of deformation from both the major flow and the perturbed flow is deteriorated
to a coupling between pure shear and harmonic flow modes. Third, coupling from higher
order modes is discounted because of the necessity of linearizing the solution. A
singularity is introduced to the strong upper crust and the strong upper mantle when a more
realistic rheology for the Earth's lithosphere is applied. Finally with the prescribed
harmonic form of shear perturbation, the importance of the gravitational instability is
minimized.
The motivation of our viscous modeling is to understand the formation of the Tibetan
plateau which neither bears a feature of a harmonic deformation nor a Gaussian-shaped
deformation but the plateau can be well described by a function like exp(-x2 m/d2m) with m
over 10. To the best of our knowledge, this high power Gaussian-like function is first
introduced by Wessel [1993], and he called it super-Gaussians. An analytical approach
with an initial perturbation such as this is not tackled as far as we know.
Royden's [1996] 3-D analytical approach has successfully' predicted the strain field of
the Tibetan crust but it also suffers problems such that it assumes a Newtonian rheology
and cannot consider localized straining with time and deformation phenomena such as
folding. Particularly the model is inherent in symmetric deformation which cannot totally
explain the asymmetrical shape of the Tibetan plateau.
4. Numerical approach
For a regional tectonic study of the continental lithosphere using Cartesian coordinates
by assuming that the Earth is flat, finite difference and finite element methods are the proper
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candidates in numerical approach. However, when the shape of a study body changes due
to deformation, the finite difference method incurs the problem of proper mapping from an
evenly gridded deformation mesh to a deformed mesh. Otherwise, time consuming
regridding is necessary at each time step. The larger the deformations, the larger the
problem is. Therefore, in studying continental deformation [Beaumont et al., 1994; Zuber
and Parmentier, 1995, 1996], finite element method is preferred for the sake of its built-in
mapping property and the convenience of its local representation [Cuvelier et al., 1986].
The early stage of continental deformation based on finite element method may be
attributed to the work of Beaumont and Quinlan [1994], Beaumont et al. [1994], and
Fullsack [1995]. However, their study is only concentrated on crustal deformation derived
from the exerted singularity of basal shear traction. When their lower crust weakens, the
influence of the basal traction (realized by exerting a basal velocity singularity) on the
surface gets smaller [Beaumont and Quinlan, 1994]. If this basal traction is an applicable
condition for the Tibetan plateau, it will not build up a plateau with such a thick and weak
lower crust of Tibet. Furthermore, the model cannot incorporate the total lithosphere with a
strong upper mantle component as a whole. The virtue of their model is that it unraveled
the conjugate mode of thrust and back-thrust with the localized power-law-dependent strain
rate weakening which is in turn a demonstration of shearing instability.
Zuber and Parmentier [1995] extend the finite element technique to the whole
continental lithosphere with structure perturbation to generate trench and plateau modes.
Nevertheless the structure perturbation once again falls in the regime of the shearing
instability.
Both Zuber's and Beaumont's finite element approaches are penalty method with a
quasi-incompressible medium [Cuvelier et al., 1986] in order to avoid the pressure in the
viscous mechanics. Their viscous deformation system is governed by the shearing
instability, the gravitational instability, and the quasi-incompressible penalty parameter.
Thus the mechanical problem becomes:
I
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-Vp + g[V2 v + V(V'V )] + (Vg) [Vv + (VV)T] = -f (1-1)
P = -Vv (1-2)
where equation (1-1) is from conservation of momentum, equation (1-2) is from
conservation of mass, p is pressure, g is viscosity, v is the velocity field, f is gravity body
force 6pg due to density variation, t is penalty parameter which approaches infinity for the
case of incompressibility, and the superscript T corresponds to the matrix transpose.
Substituting equations (1-2) into (1-1) and keeping viscosity constant at each finite element,
we get
gV2V + (r + g)V(V'v) = -f. (2-1)
We assume that non-Newtonian viscosity takes the form
I II
9 = o[ ] -n (2-2)
2
where go is the reference (initial) viscosity, £2 is the non-dimensionalized second invariant
of the strain rate tensor, n is the power law exponent of stress in the stress-strain rate
relationship. To simulate the rheology of the lithosphere in the ductile creep regime in the
lower crust and the upper mantle lithosphere, we used a power law exponent of 3, while in
the brittle regime of the upper crust we invoked the assumption of perfect plasticity in
which n -+oo to approximate a material that deforms by pervasive faulting.
The shearing instability is caused by the lateral variation of material strength [Smith,
1977] which is represented by a lateral variation of viscosity and lateral gradient of the
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interfaces in the layered medium. Thus the shearing instability is an internal (homogeneous
part of Equation 2-1) property of the viscous system. If the Earth is differentiated well in
the vertical direction and its density only increases towards the center of the Earth, there
will be no gravitational instability related to f. Therefore the gravitational instability is
caused by lateral variation of density Sp in our case in which thermal related density
variation is ignored because of the large chemical differentiation between the crust and the
uppermost mantle within the lithosphere. The parameter g is assumed constant for our
lithospheric study. The parameter f is the inhomogeneous part of Equation (2-1) so it
represents the external property of the mechanical system. The penalty parameter is
imbedded in the homogeneous part of the system so that it will distort the eigensystem
[Fullsack, 1995]. With non-dimensionalization of equation (2-1), we get
,'V2' + (r' + .')V(V'v' ) = -f' (3-1)
where
x v , , 6f' pgL2  (3-2)
- L- '
where U, L, .0o are the reference velocity, length, and viscosity respectively.
Numerical modeling for the formation of the Tibetan plateau can first date back to
England and McKenzie [1982]. With their general assumption that the vertical gradients of
horizontal velocities are negligible and that the viscosity is independent of depth, their
model can only consider pure shear deformation which, as we mentioned in the first
section, may not be a governing mode of deformation in the formation of the plateau. Even
though in their latest work [Houseman and England, 1993], the eastern boundary of their
model is set to move freely to accommodate both the crustal thickening and the eastern
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expulsion of the Tibetan plateau, and their numerical technique is improved from finite
difference to finite element, they still cannot overcome their original built-in disadvantages
of restriction to pure shear and single layer vertically averaged viscosity.
In the next section, we will use a finite element approach to solve Equation (3) and
discuss the influence of the gravity instability represented by f', the shearing instability
represented by g' on the deformation modes of the Tibetan plateau and its vicinity, under a
horizontal compressional regime characterized by a background horizontal velocity U.
5. Results
Following Zuber and Parmentier [1995, 1996], we apply a non-Newtonian viscous
rheology, and the power law exponent is assumed infinite on the surface layer to represent
brittle/plastic behavior of the Earth surface [Fletcher and Hallet, 1983]. In order to deform
the Tibetan lithosphere, we may first exclude two major impossibilities to minimize our
solution space suitable for the evolution of the Tibetan plateau.
First, if the original lithospheric structure of Tibet is exactly the same as that of its
vicinity, the plateau will only grow in pure shear under north-south compression because
none of the two fundamental instabilities of gravitation and shearing exists in this case.
Figure 3a shows the initial conditions of a deformation mesh with the properties of the
continental lithosphere represented by a strong "brittle" upper crust, an exponentially-
decaying ductile lower crust, a strong "brittle" upper mantle., and then an exponentially-
decaying upper mantle. The initial elevation is zero. The model is being compressed from
both sides. After 12.9 my, the surface of the model lithosphere evenly grows to an
elevation of about 18.9 km (the lower-right-panel of Fig. 3b). This growth is the total
growth in the vertical direction corresponding to the horizontal compression and there is no
mass exchange at the bottom of the mesh. In this case and the following, we will impose
an initial local compensation, but isostasy is not maintained during the evolution of
deformation. Pure shear deformation indeed forms a plateau (Fig. 3b) but this may not be
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a plausible mechanism both from geological and geophysical evidence. A pure shear
deformation implies that thrust belts perpendicular to the compressional direction may
prevail over the Tibetan plateau for Cenozoic deformation since the collision between India
and Eurasia 40-50 Ma, but what we can see is a localized Tertiary thrust imbrication in the
northern Qiangtang Terrane, center of Tibet [Coward et al., 1988]. The latest observations
of Murphy et al. [1996] also show that Cretaceous strata are highly folded whereas the
early Tertiary volcanic depositions are flat-lying in the Lhasa Terrane, Southern Tibet.
They conclude that Mesozoic N-S shortening in southern Tibet and the absence of upper-
crustal shortening during the Indo-Asian collision suggest that the uplift history of Tibetan
plateau had begun by the Mesozoic. Furthermore, seismic waves propagate across the
uppermost mantle of Tibet at shield-like speed [Barazangi and Ni, 1982; Molnar and Chen,
1984; Beghoul et al., 1993]. Intermediate depth earthquake studies further confirm that the
uppermost part of the Indian mantle lithosphere beneath southern Tibet to the north of
Tsangpo suture is still in the strong, brittle state [Chen et al., 1981; Molnar and Chen,
1983; McNamara et al., 1995; Zhu and Helmberger, 1996; Chen et al., 1996]. Splitting of
the cross-correlation-spectrum between observed Bouguer gravity and topography [Jin et
al., 1994] as well as the frontal flexural bulge of the Eurasian mantle plate [Jin et al, 1996]
also conflict with pure shear deformation. The flow field (Fig. 3c) derived from the model
in Fig. 3a is also enlightening. If a sandwich structure with only strength change in the
vertical direction (in our case no mass exchange is allowed at the bottom of the mesh), then
a symmetric flow with horizontal mass input at the left and right boundaries will converge
to the center of the model lithosphere, and the mass output becomes totally vertical in the
center (Fig. 3c). That is we may expect a Cenozoic thrust belt first developed in the center
of the plateau under this pure-shear flow pattern.
Second, if the lithosphere is perturbed in shear instability, the perturbation will only
excite folds or harmonic modes. Deformation modes of underplating and crustal doubling
are far beyond exploration. Figure 4 is a modified version of Smith [1975] to illustrate
- - -- ~--~ I~---- holli
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small shear instability. A flow field can be divided into a major flow field and a perturbed
flow field. When there exists lateral variation of topography or other interfaces, shear
instability is introduced due to lateral variation of viscosity, horizontal compression (or
extension) and the gradient of the interface. Deformation features such as folds,
boudinage, and mullions, in addition to pure shear deformation, grow according to shear
instability [Smith, 1977; Fletcher and Hallet, 1983; Zuber et al., 1986; Ricard and
Froidevaux, 1986]. The growth of these harmonic modes is highly related to the
eigenwavelengths of the deformed material without much interference from the
characteristic lengths of the initial loading [Ricard and Froidevaux, 1986; Zuber, 1987].
Therefore we exert on the top of our model a small random load less than 300 m high with
a very rich spectrum (Fig. 5a) which may represent geological features caused by pervasive
faulting, folding or other mechanisms near the surface. After 12.9 my of compression, a
fold of about 400 km in wavelength grows from the random load (Fig. 5b). This
wavelength of 400 km is rather consistent with the longer wavelength observed from the
coherence spectrum of Tibet which represents lithosphere-scale folds due to the
convergence between India and Eurasia [Jin et al., 1994]. As we mentioned in the last
paragraph, we only impose an initial isostasy and are not maintaining the isostasy during
the evolution of the folding. Thus the amplitude of the fold is much larger than the
amplitude of a fold constrained by a vertical isostatic balance (the lower-right-panel of Fig.
5b), and represents the dynamic component of the deformation. In comparison with Fig.
3c, we can see that the flow pattern derived from shear instability is very different from the
flow pattern caused by pure shear. Because of the introduction of small shear instability,
the final deformation is dominated by folds. The flow neither converges to the center, nor
has a symmetric pattern like the pure shear flow.
Based on geological and geophysical evidence, the uplift of the Tibetan plateau and its
affiliated deformation include the following chronological processes: subduction of the old
Tethyan oceanic lithosphere beneath Eurasia [Boulin, 1981], collision of the Indian and
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Eurasian plates, subduction of the Indian continent underneath Eurasia, crustal thickening
of Tibet, weakening of the Tibetan lower crust due to thickening, decoupling between the
upper crust and the uppermost mantle of Tibet, and upper crustal folding. As we stated
above, a simple vertically layered lithospheric structure cannot be a candidate for the uplift
of Tibet if pure shear deformation is not the mechanism. And an initial condition of a
pervasive small structure on the surface of the Tibetan lithosphere represented by small
random topography is also not a candidate to form a plateau but rather to form folds.
As we know, the uplift of Tibet is related with the subduction of the continental Indian
lithosphere beneath the Eurasian lithosphere. However, how and why the buoyant Indian
continent subducts beneath Eurasia is still mysterious. One possibility is that the dense,
downgoing Tethyan oceanic lithosphere further pulled down the Indian continental
lithosphere when the two continents, India and Eurasia, collided 40-50 Ma [Molnar and
Gray, 1979]. The CMP reflection results of the INDEPTH project [Brown et al., 1996]
show that at present the Indian crust is being detached along the Main Himalaya Thrust
(MHT. Figure 1 of Brown et al.[1996], and Fig. 6), which dips to the north. The strong
north-dipping reflection deep below Gangdese in his figure may be from other imbrication
interfaces also suggested by gravity results (Fig. 6) from Jin et al. [1996]. The CMP
reflectors become wavy horizons at a depth of about 15-20 km to the north of Gangdese.
The negative reflection coefficients of these reflectors suggest magma accumulation right
beneath the strong brittle upper crust at about 15 km [Brown et al., 1996]. Also, the
INDEPTH wide-angle data [Makovsky et al., 1996] show strong P-to-S conversion
beneath the Tsangpo suture and Gangdese belt, and indicate the existence of magma bodies
at about 15 km depth. The magma body of Makovsky et al. connects both magma horizons
noted by Brown et al. [1996] to the north of Gangdese and the Kangmar dome to the south
of Tsangpo suture (Fig. 6). The gravity model [Jin et al., 1996] shows that the Indian
plate of effective elastic thickness (Te = 90 km), is significantly weakened to Te = 30 km
from the Main Boundary Thrust (MBT in Fig. 6) to the Tsangpo suture within a horizontal
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distance of about 300 km. While the Indian plate is being weakened, the crust of the Indian
lithosphere is detached from its strong upper mantle. The detached imbricates (Fig. 6) are
loaded on the top of the weakened Indian plate which dips sharply in correspondence with
the weakening. The rapid descent of the Indian plate at the transition zone from high
strength to low strength causes large thickening of the Tibetan crust from about 40 km
below Kangmar Dome (Fig. 2 of Nelson et al., 1996) to about 80 km below Gangdese
(Fig. 6). The thickening event quite probably increases the radiogenic thickness of the
crust, thus forming a partially-molten zone between Kangmar Dome and the Indian mantle
suture (Fig. 6). This melt zone is a dynamically maintained "melt front" [Nelson et al.,
1996] to decouple the brittle upper crust and the strong upper mantle lithosphere of Tibet.
The timing of the decoupling and uplift of Tibet is also controversy [Molnar et al.,
1993; Coleman and Hodges, 1995; Abdrakhmatov et al., 1996]. Our viscous model with a
strong Indian lithosphere compressing a thickened Tibetan lithosphere (Fig. 7a) suggests
that the Tibetan lithosphere will not be fully decoupled until the Tibetan plateau is uplifted
with a crustal thickness of 65-80 km and with a very thin upper crust. If the upper crust is
thick, then the thin lower crust needs an extremely fast exponential decay factor for
viscosity with an upper limit of 1021 Pa s and a lower limit of 1018 Pa s (Figures 7a and
7b). Furthermore, provided that the decoupled upper crust is 15-20 km thick as indicated
from seismic focal depths [Molnar and Chen, 1983; Molnar and Lyon-Caen, 1989] and
seismic reflections [Brown et al., 1996], that the strength of the upper crust is still linear
with depth (Fig. 7a), and that the viscosity of the lower crust is still exponentially decaying
with temperature (or depth), then there will not be a thin upper crust well decoupled from
the upper mantle (Figures 7b and 7c). The thick upper crust and the thin lower crust can be
seen from the log scale viscosity structure in Fig. 7b, or it can be observed from the crustal
flow pattern in Fig. 7c. In the model Indian lithosphere and the upper mantle of Tibet, the
flow field is still dominated by the background horizontal flow due to horizontal
compression. However within the plateau, a thick upper crust of about 50 km is folded
--- -- II ,
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and the lower crust has a convergence-divergence chaotic pattern. From the INDEPTH
CMP reflection [Brown et al., 1996] and the earthquake focal depths [Molnar and Chen,
1983; Molnar and Lyon-Caen, 1989], this thick upper crust predicted by the model is not
seen.
To satisfy the thin upper crustal condition with a relevant rheology, we assume that the
material of the lower crust is in a state that the viscosity of the Tibetan lower crust is almost
uniform. The rheology of the Tibetan crust should be similar to that shown in Fig. 8a.
The strength of the crust first linearly increases with depth, then it does not have a sharp
singular transition point from "brittle" to ductile but passes through a gradually transitional
zone [Kirby, 1980; McNutt and Menard, 1982]. Beneath this gradually transitional zone is
a rather uniform-strength lower crust of about 50 km thickness. Under the horizontal
shortening, the thin strong upper crust is folded (Fig. 8b and 8c) and the lower crust forms
a well-developed convergence-divergence pinch-and-swell structure (Fig. 8c), which is
consistent with the analytical result of Smith [1975]. The boundary between the upper
crustal folds and the lower crustal pinch-and-swell structure (or mullions) may well define
the wavy, horizontal reflection of INDEPTH CMP [Brown et al., 1996].
6. Discussion
In this paper as well as the other papers [Zhao and Morgan, 1985, 1987; Jin et al.,
1996; Nelson et al., 1996], we suggest that the Indian continental lithosphere is detached
on the top during descent and that the uplift of Tibet is related to the detached Indian crust.
There have been a variety of literature on deformation in subduction zones. One classic one
is described by corner flow [McKenzie, 1969; Tovish et al., 1978; McAdoo, 1982;
Wdowinski et al., 1989]. In corner flow, the conditions of the lithospheric plates are
prescribed as rigid boundary conditions. The overriding plate is stationary (except for
Wdowinski et al.'s [1989] work) and subducting plate has only translational motion.
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Therefore, a corner flow model is not a good candidate to describe the continental
subduction between India and Eurasia.
There has been significant improvement in describing the mantle flow field at a
subduction zone from recent finite element work [Gurnis, 1992; Zhong and Gurnis, 1992,
1994, 1995a, 1995b], in which a lithospheric fault between a subducting plate and an
overriding plate is introduced. Even though the above prescribed conditions may well
describe the upper mantle flow field around the subducting slabs, they are not able to
explain the following tectonic questions related to lithospheric deformation around the
subduction zone. First, why will a horizontally advancing plate rotate and subduct, and if
the advancing plate is a continental plate like the Indian plate, how much lithosphere will
dive into the mantle? Particularly in the above work mentioned, a slab and a fault are
prescribed in order to answer the dynamic problems at a subduction zone. However, we
may be more anxious to know why the Earth has such a preference to form ridges and
trenches on its surface? When the latter riddle is solved, it should highlight the mantle
dynamics at subduction zones.
To the best of our knowledge, McKenzie [1977], and Molnar & Lyon-Caen [1988]
tried to solve the riddle from different angles but they all emphasized instability. McKenzie
suggests that the initiation of trenches are correlated with a finite amplitude instability such
that in the Aegean Arc, the Eastern Mediterranean, the mean difference in mean density
with a difference of 7 km in elevation between continental and oceanic crust will produces a
horizontal force which could initiate trenches. Molnar & Lyon-Caen suggests that thick
crustal root with high elevation will store extra gravitational potential energy which causes
problems due to uneven potential energy balance between a high land and its surounding
low land. An exception for the subduction zone between India and Eurasia is that there
was already an oceanic lithosphere subducting beneath Eurasia before the two continents
collided [Garzanti et al., 1996]. However, what was the role the slab-pull played at the
time of collision for further subduction is unknown.
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Lateral and 3-D variation of viscosity is also a major concern of global plate tectonics
[Forte and Peltier, 1994]. However in the global quasi-analytical approach, only the lateral
variation of viscosity at the bottom of the lithosphere is defined by a vertically symmetric
mantle at the boundary of the lithosphere-mantle interface [Forte and Peltier, p. 35, 1994],
and the interior variation of viscosity within the lithosphere is ignored. Furthermore, in
modeling 3-D variation of viscosity, the condition of the strain rate dependent viscosity is
sacrificed to satisfy the variational approach [Forte and Peltier, p. 50, 1994]. This
nonlinear rheology of strain-rate-dependent viscosity is a fundamental property of the
lithosphere [Goetze and Evans, 1979].
As suggested by Nelson et al. [1996] and in this paper, the whole middle or lower crust
of Tibet should be weak and plays the role to decouple the thin, brittle upper crust from the
upper mantle lithosphere of Tibet. As derived from intermediate focal depths, seismic
wave propagation as well as gravity analysis, the Indian mantle lithosphere beneath the
southern Tibet is still cold and strong. Therefore, will the thickened crust be melted
without an extra supply of heat from the mantle? Let's assume the temperature field in the
crust is in the steady state, and the surface (0 km) and bottom (120 km) temperatures of the
lithosphere are 0" C and 1200 C respectively. If there is no radiogenic material in the
crust, then the temperature is 800 C at 80 km and 400* C at 40 km. The partial-melting
temperature for wet granitic continental crust is 600 C [Nelson et al. 1996], so at least the
thickened crust beneath Kangmar Dome (Figures 6) will not be melted without radiogenic
material. This result conflicts with the observation of Makovsky et al. [1996] that partial
melting occurs 15-20 km deep beneath the Tsangpo suture. By introducing a typical
concentration of radiogenic potassium in the crust [Turcotte and Schubert, p. 140, 1982],
the steady state temperature becomes 596' C at 40 km. However, as being assumed for the
continental crust, radiogenic material decreases exponentially with depth [Sclater et al.,
1980; Turcotte and Schubert, p. 145, 1982]. A large radiogenic rate of heat production
within normal lower crust is not acceptable. A recent study of high crustal temperature in
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orogenic belts [Huerta et al., 1996] shows that redistribution of radiogenic crust through
accretion of crust from the lower plate to the upper plate is the key for raising high
temperature within the crust. For the case of Tibet, we contend that accretion, Indian plate
weakening to cause the crust thickening beneath Tsangpo suture zone, and the partial
melting between Kangmar Dome and Gangdese (Fig. 6), are important, correlated
geological events.
In the process of detachment of the Indian crust from the Indian upper mantle
lithosphere, frictional heating may not be ignored. As we can see from Fig. 2 of Nelson et
al. and Fig. 6 of this paper, the frontal partial melting zone beneath Kangmar Dome at a
depth of about 20 km may close to the frictional surface of Main Central Thrust (MCT),
which separates the Greater and the Lesser Himalayan zones [Hodges et al., 1988]. The
Greater Himalaya consists of high grade metamorphic rocks. Peralumious granites are
found associated with the metamorphic rocks of upper amphibolite faces in the Greater
Himalaya near MCT. Molnar et al. [1983] suggested that an extreme lower bound for the
shear stress needed to elevate the temperature to 650'C is about 50 MPa, and probably 100
MPa would be necessary for a slip rate between 10 and 20 mm/yr along the fault.
However, the mechanism of the frictional heating along the fault cannot explain the
reversed geotherm observed within the Greater Himalaya [Hodges et al., 1988].
In the viscosity panel of Fig. 8, we emphasize a thick, weak lower crust of
approximately uniform viscosity, -1019 Pa s, in order to form a folded, thin upper crust,
characterized by shallow crustal earthquakes within the Tibetan plateau [Molnar and Chen,
1983; Molnar and Lyon-Caen, 1989]. With an averaged activation energy of 150 kJ/mole
for quartz [Evans and Kohlstedt, 1994] and provided that the viscosity at 15 km depth for
the brittle upper crust is 1021 Pa s, viscosity cannot decrease by two orders of magnitude
before the depth reaches 40 km if the temperature structure of the Tibetan lithosphere is in
steady state with or without radiogenic material within the crust as we discussed above.
Therefore, to equilibrate the viscosity in the lower crust, thermal advection may play an
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important role. Another possibility for the lower crustal viscosity is that it is much lower
than the lower limit of about 1018 Pa s in our model (Fig. 7a) so that the exponential decay
of viscosity is larger. However, the latter possibility raises the same question as the
former. What would be the proper thermal structure within the Tibetan lower crust?
7. Conclusion
A layered model lithosphere with variation of vertical strength and uniform thickness
layers exhibits only pure-shear deformation under horizontal compression. Even though
this pure shear deformation is one of the possible mechanisms of plateau formation,
geological and geophysical evidence from Tibet do not readily support this hypothesis.
Small shear instability will excite intrinsic harmonic modes for a layered medium under
horizontal compression but will not provide any clues for plateau formation.
It is highly suggestive that detachment on the top of the subducting plate weakens the
plate and thickens the accreted crust that overlies the weakened portion of the plate. The
accretion redistributes the radiogenic material in the crust [Huerta et al., 1996] and raises
the crustal temperature so as to partially melt the crust at depths from about 20 to 70 km.
The melted material begins to decouple the lithosphere of the Tibetan plateau.
The thin strong upper crust of the Tibetan lithosphere will not be totally decoupled and
deformed separately with the strong upper mantle lithosphere until a well-developed thick,
weak lower crust is formed in which the material is in a state with uniform strength. The
sharp transition of the viscosity structure from "brittle" to ductile between the upper crust
and the lower crust tends to form a thick folded upper crust under horizontal compression,
and may not be plausible for the decoupling of the Tibetan lithosphere because the upper
crust of Tibet seems thin (15-20 km), and a gradually transitional zone is suggested to
modify the sharp transition.
--- - --- -- 111111111111111II~
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Figure captions
Figure 1. Topography (top) and Bouguer gravity (bottom) maps of Tibet and its
surrounding region. The contour interval for the topography is 1000 m and for
the Bouguer, 20 mGal. The data in China are explained in Jin et al. [1994,
1996]. The data to the south and southwest of China are from Lamont database
[Watts et al., 1985].
Figure 2. (a) Longer wavelength Bouguer gravity anomalies with wavelength between
300-600 km. The dash-dot heavy lines are political boundaries and the solid
heavy lines are contour of 3000 m to confine the plateau. (b) Short wavelength
Bouguer gravity features. Bandpass wavelengths are 80-290 km. The thick
solid line is the 3500 m contour.
Figure 3. Pure shear deformation under horizontal compression. The boundary conditions
are shown on the density mesh (the lower-left-panel). (a) Initial condition of a
layered medium under horizontal compression with zero topography. The
upper-right-panel are two viscosity plots at the location in the middle of the
mesh. One is in log scale in the horizontal axis to show the absolute amplitude
of viscosity. One is in normal scale to show the viscosity change with depth,
resembling an yield strength envelope of the lithosphere. The upper-left-panel
is shaded viscosity with darker color corresponding to stronger regions. The
viscosity values are shown in the upper-right-panel. The lower-left-panel is
shaded density. The light color represents the crustal density of 2670 kg/m3.
The darker color corresponds to higher density of 3300 kg/m 3 in the upper
mantle. The lower-right-panel is the initial topography. (b) Final result from
the compression for 12.9 my. The definition of the panels are the same as that
in (a) except that the lower-right-panel is the total growth in the vertical direction
during the compression. As shown in the boundary condition in (a), there is no
mass exchange at the bottom of the mesh. As mentioned in the text, we impose
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initial local isostasy but do not maintain isostasy during the calculation. Only
pure shear deformation occurred and this pure shear deformation forms a
topography of 18.9 km from the initial 0 km. (c) Final velocity pattern due to
horizontal compression.
Figure 4. Schematic shear instability. Small surface relief (or a subsurface) is the trigger
to cause shear instability characterized by AT12, which is related to strength
variation g2-gl on both sides of the interface, background horizontal
dh
compressional (or extensional) strain rate Ell and the surface gradient d . In
the stress field, Tij is the basic stress field and Tij is the first order perturbation
[after Smith, 1977].
Figure 5. Deformation caused by shear instability. The outline of the figure is the same as
that in Fig. 3 except that the initial surface of the model lithosphere is perturbed
by a small random topography less than 300 m. The compressional time is also
12.9 my with a convergent rate of 10 mm/y as in Fig. 3.
Figure 6. A modified cross-section of Jin et al. [1996] along profile GT in Fig. 7. The
intermediate earthquakes from Chen et al. [1981], Molnar and Chen [1983],
and Zhu and Helmberger [1996] are projected in the Indian mantle lithosphere.
Strong reflectors in INDEPTH CMP are roughly converted to depth unit and
projected in the crust beneath southern Tibet. The wavy horizons in the Tibetan
upper crust are an extrapolation of the CMP wavy horizons [Brown et al.,
1996] to the north. Tibl-Tib 11 are CMP reflection lines of INDEPTH (Fig. 1
of Nelson et al, 1996). The locations of MBT (Main Boundary Thrust), MCT
(Main Central Thrust), STD (Southern Tibetan Detachment), KD (Kangmar
Dome) are schematic.
Figure 7. Deformation caused by a strong plate compressing a weaker plate. The outline
of the figure is the same as Fig. 3 except that a subducting slab and a mature
plateau are prescribed.
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Figure 8. The same as Fig. 8 but the viscosity in the lower crust is defined constant. The
sharp transition of viscosity between "brittle" upper crust and the constant lower
crust is modified by a "semi-brittle" zone.
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Chapter 6
Does the uplift of Tibet raise the Tien Shan
Abstract
The Tien Shan is the largest intracontinental mountain belt in Central Asia. It is
1000-2000 km north of the convergent boundary between the Indian and Eurasian plates.
It had been an eroded, orogenic mountain belt since the Paleozoic, and has been under
rapid uplift during the past 10 my. In order to understand whether the rapid uplift of the
Tien Shan is in response to an increased horizontal force following an abrupt rise of the
Tibetan plateau and in order to understand how the old orogeny is related to the reactivation
of the Tien Shan under the present tectonic regime, we examined the stress field in Central
Asia after the formation of the Tibetan Plateau. The stress field we examined is composed
of three components: a regional horizontal compressional stress field due to the
convergence between India and Eurasia, the plate flexural stress field due to topographic
loading in Central Asia, and the stress field due to elevated gravitational potential energy in
high topography. Because of the lack of information on the paleo-topography in the Tien
Shan region, we calculated the stress field in Central Asia in the cases of no Tien Shan,
20% Tien Shan, 40% Tien Shan, and the present Tien Shan in response to the existence of
the Tibetan Plateau. We found that in the case of no Tien Shan, the horizontal
compressional stress field (thrust faulting stress field) due to the convergence between
India and Eurasia can be transmitted to the lowland north of the uplifted Tibetan Plateau.
However, the transmitted thrust faulting stress field is evenly distributed to the north of the
plateau. That is if there was no paleo Tien Shan there would be no stress concentration to
localize deformation. When the Tien Shan was uplifted to its 20% or 40% height, the
strike-slip faulting stress field began to dominate in the Tien Shan area. If no other stress
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field is incorporated to the total stress field only with the three components we assumed,
then the stress field in the present Tien Shan is dominated by EW extension (normal
faulting stress field) with the maximum principal stress vertical. However, seismic fault
slips and GPS strain-rate observations at present suggest that the Tien Shan is still under
convergence. Therefore at least a fourth component in the total stress field needs to be
considered to drive the convergence in the Tien Shan.
Introduction
The relationship between the intraplate deformation and the interplate acting forces
at the plate boundaries is complex. Will the latter be the cause of the former? Particularly,
some intraplate deformation zones are far from plate boundaries. For instances, the Tien
Shan, the largest intracontinental mountain belt in Central Asia, is 1000-2000 km away
from the convergent boundary between the Indian and Eurasian plates; and the Laramide
orogenic belt, the Rocky Mountains of Colorado, Utah and Wyoming, of Late Cretaceous
to Early Cenozoic in Western North America was also far away from the convergent
boundary in the North American western margin [Burchfiel et al., 1992].
The latest compilation of the global stress field in the lithosphere based on the
observations from seismic focal solution, wellbore breakouts, fault slip data, volcanic
alignments, hydraulic fracturing, and overcoring [Zoback, 1992] demonstrates that the
first-order intraplate stress field is controlled by the forces applied at the plate boundaries
but the maximum principal stress is generally vertical when topography gets high [Coblentz
and Richardson, 1996]. The stress field in Central Asia from Zoback is mostly derived
from seismic focal mechanisms, so the relationship of the state of stress between a quiet
zone such as the area inside the Tarim basin and a tectonic active zone such as the Tien
Shan is not well defined. However, the stress transmission through the Tarim basin plays
an important role for the deformation of the Tien Shan.
________________________________________________ EUIIIIImmII I III Y
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Global stress field modeling based on the static force balance on thin elastic
spherical shells for the Earth's lithosphere [Richardson et al., 1976, 1979; Stefanick and
Jurdy, 1992; Coblentz and Richardson, 1996] suggests that the intraplate stress field is
rather consistent with the interactions on the plate boundaries. The forces considered in the
global stress model of Richardson et al. are ridge push, slab pull and basal drag of the
Earth's lithosphere. However, even though the relief of topography and bathymetry on the
Earth's surface is a vivid expression of the deformation on the top of the Earth's
lithosphere, which is highly correlated with the global plate tectonics [Heezen and Tharp,
1977; Grosvenor et al., 1995], the topography and bathymetry also represents the vertical
loading force on the global plates. This representation has been widely applied to estimate
the elastic strength of the lithospheric plates [Bank et al., 1977; Watts et al., 1980; McNutt,
1983; Forsyth, 1985] but it is rarely discussed in scientific literature about quantitative
comparison of the relative importance between vertical topographic loading (or vertical
subsurface loading) and other horizontal loading forces in governing the intraplate
deformation within a plate during tectonic evolution [Molnar and Lyon-Caen, 1988]. The
major difficulty may come from the facts that first, time-dependent vertical loading history
imbedded in topography, gravity, and other geological and geophysical data is not available
except for the information from seismic stratigraphy which is very enlightening if it is not
confidential for petroleum industry, that second, with the consideration of topographic
loading, an idealized planar moving plate (or a piece of moving shell) on the Earth's surface
will have to give away to a 3D moving curved surface and a more proper description of this
3D moving surficial layer would be conservation of angular momentum, or rather, a static
torque balance for the Earth's lithosphere, and that third, as difficulty increases in equation
of motion when 3D variation of rheological parameters is considered, we need to
incorporate lateral and vertical strength variation of the plate into the mechanical system of
conservation of angular momentum.
I - ' -
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A controversy about the Cenozoic rapid uplift of the Tien Shan is whether the uplift
is in response to an increased horizontal force following an abrupt rise of the Tibetan
plateau [Abdrakhmatov et al., 1996]. Therefore, in this paper, as a preliminary attempt, we
treat the Eurasian plate in Central Asia as an elastic 3D surficial layer loaded by the
horizontal force due to the convergence between India and Eurasia, by the vertical loading
force from topography with various elevation of the Tien Shan in history, and by the
topographic spreading force [McNutt, 1980; Molnar and Lyon-Caen, 1988].
Our goal in this paper is to see what role vertical loading plays in intraplate
deformation. It should be understandable that even without horizontal loading caused by
relative plate motion at present, older orogenies have made the state of stress of the Earth's
lithosphere vary from place to place. This state of stress is retained in the forms of old
mountains such as Appalachian mountains within the North American plate and Ural
mountains within the Eurasian plate, and in the forms of sedimentary basins, shown in the
information such as topography, gravity, and other geological and geophysical data. When
a new plate tectonics emerges, the lithosphere will re-adjust its state of stress, by admitting
further mountain building, the formation of sedimentary basins and so on.
Data
The topography in Central Asia is used as an input loading force to calculate the
flexure of the elastic Earth's lithosphere, and then the flexure is converted to the flexural
stress field based on elastic rheology. The topography is in the region ranging from 65°E -
110 0E and 20'N - 50'N. This topography set (Fig. 1) is a combination of the gridded 5' x
5' data from P. R. China (75°E-102'E) [Jin et al., 1994, 1996], the gridded 5' x 7.5' data
from the former USSR (upper left corner of Fig. 1) [Kogan and McNutt, 1993], the
distributed data from Lamont data base (India and Pakistan) [Watts et al., 1985], the
gridded 5' x 5' data from Cornell digital elevation (102E-.110 0E) [Fielding et al., 1994],
and DBDB5 (upper right corner and lower left corner of Fig. 1). The validity of the
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topographic data in China was verified by E. Fielding at Cornell University by comparing
our values over a 2" x 2" area with an independent, even higher-resolution digital elevation
model [Fielding et al., 1994]. The average differences are less than 10 m. There are also
other examples to show the validity of the combined data set. For instances, as we can see
in Fig. 1, the topographic data sets from the former USSR and PRC combine well. The
available China data set only extends to 102"E, so the region between 102'E and 110°E in
China is filled up by Cornell elevation data. At least by eyeballing, we cannot see the
difference between the two data sets. The obvious problem in the data set combination
occurs between DBDB5 and the China data set along the Mongolia and China boundary
where Mongolia is filled up with DBDB5 data (upper right corner of Fig. 1).
Tectonic stress field calculation
(1) Flexural stress field
The theoretical background to derive the 3D flexural surface of the Earth's
lithosphere is explained in Chapter 3 of this thesis. Another good reference for the
theoretical background is from Wees and Cloetingh [1994]. However, Wees and
Cloetingh's approach is based on variational principle applied to an elastic medium.
Therefore, their method needs further generalization to be applicable to a more realistic
rheology for the Earth's lithosphere represented by the moment equation (3.10) in Chapter
3 of this thesis.
The governing equation to calculate the flexure of the Earth's lithosphere in elastic
rheology is
(a2 )w(xy) 2 w(xy) a2  a2w(x,y) a2(,y )
[ D(x,y) 2  +V )] + [ D(x,y) (v + )]S2  2 2ax ay2
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_2 42W(xy)2w 2w(x,y) +2N ~ )
+ 2 [D(x,y)(1-v)' y ] + N a2 , + N + 2N W(xy)
axay axay xx aX2 31y ay2 xy axay
+ Apgw(x,y) = pgT(x,y) (6.1)
where w(x,y) is flexure of the elastic Earth's lithosphere, v is Poisson's ratio, (Nxx, N yy,
Nxy) is background tectonic forces on unit length, Ap is density difference between the
crust and the upper mantle, g is the average Earth's gravity, p is crustal density, and
T(x,y) is the observed topography. D is flexural rigidity of the plate, defined as:
E h3D Eh (6.2).
12 (1-v 2 )
which describes the physical strength of an elastic plate. E is Young's modulus and h is
the thickness of an elastic plate. For an elastic plate, D depends on h cubed so that it is
more sensitive to the thickness of the plate than to the elastic moduli. Therefore in the
lateral variation of rigidity D, we only consider the lateral variation of h, the elastic
thickness of a plate. The elastic model in our calculation is assumed that the Central Asia
has an average elastic thickness of 40 km except that the Indian subcontinent has an elastic
thickness of 80 km [Lyon-Caen and Molnar, 1983, 198;4; Jin et al., 1994, 1996; Yu,
1996].
The background stress field used for (Nxx, Nyy Nxy) (negative sign is
compression to follow convention), the force on a unit length, is (Sxx, S yy Sxy) = (-50,
-300, -46) MPa, which gives a major compressional principal stress direction 10'
clockwise to the north. The relationship between (Nxx, Nyy, Nxy) and (Sxx, Syy, Sxy) is
(Nxx, Nyy, Nxy) = (Sxx, Syy, Sxy) x Elastic thickness (h)
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The amplitude of the principle stress is 308 MPa. This background principal stress
direction is roughly the convergence direction between India and Eurasia. However, the
magnitude of the background stress is hard to determine. We choose 308 MPa because it is
roughly within the range suggested by McAdoo and Sandwell [1985] and by Zuber [1987],
and it is within the range that rocks can stand [Kirby, 1980]. A direct measurement of the
background stress field within the lithosphere is difficult. However the intraplate folding
with a clustering wavelength of about 200 km in the Central Indian Basin provides
information to estimate this background stress field with various rheological models
[McAdoo and Sandwell, 1985; Zuber, 1987], and the rheological models constrain the
horizontal compression within the range of a few hundreds of MPa.
The boundary conditions for w(x,y), the flexure of a plate in equation (6.1), is
assumed Airy isostasy because we do not know the actual deflection at the boundaries until
the Moho deflection of the plate is constrained by other geophysical information such as
deep seismic sounding or by some 2D flexural modeling. In the situation at present, Airy
isostasy should be the best assumption. From Fig. 1, we can see that the Former USSR
and India are almost flat on the boundaries. That means the wavelengths of loading are
large enough so that the compensation style of the plate at these boundaries is close to Airy
isostasy. The compensation style related to wavelengths of loads can be observed from
coherence spectrum [Forsyth, 1985]. Therefore an assumption of Airy isostasy should
work well along half of the boundaries. Along the other half of the boundaries, particularly
along the east and southeastern boundaries (Fig. 1), some further work of local 2D flexural
modeling or deep seismic sounding might be necessary to constrain our 3D calculation
here. Our flexural stress calculation is also affected by the boundary conditions because by
assuming Airy isostasy along the boundaries, we actually assume that the elastic strength of
a plate is zero along the boundaries. Therefore, in the following stress field calculation, we
only discuss the stress field a few degrees of longitude and latitude within the boundaries.
- " ~
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Equation (6.1) is solved by finite difference. Solving equation (6.1) by finite
difference dates back to Wees and Cloetingh [1994]. The topographic resolution available
is 5' x 5' (Fig. 1). However, computer limitations dictated use of a 20' x 20' mesh grid
for our flexural calculation. Therefore, we confine our analysis to gravity anomalies with
wavelengths more than 80 km.
When flexure w(x,y) is calculated from equation (7.1), we obtain stress field
TXX =- 1-v 2  +X2   y2
Ez - [v + ] (6.3)
y 1-_v 2  X2 2
Ez 2w(x,y)
Zxy l+V axay
where r is stress field, z is depth coordinate (positive down). We assume that z is zero at
the middle of the plate. In our calculation of the following stress field, we assume that z is
-0.5h which represents the top of the elastic plate.
(2) Total tectonic stress field
It is a difficult topic to define the total tectonic stress field in Central Asia. In this
paper, we assume that the total tectonic stress field has three components: the stress field
caused by the collision between India and Eurasia, the flexural stress field, and the
topographic stress field caused by elevated gravitational potential energy in the mountain
building in Central Asia [McNutt, 1980; Molnar and Lyon-Caen, 1988; Coblentz and
Richardson, 1996].
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Results
The purpose of this paper is to understand whether the rapid uplift of the Tien Shan
in Late Cenozoic follows the uplift of the Tibetan Plateau and to understand how the old
orogenies are correlated with the reactivation of the Tien Shan under the present tectonic
regime. Because of the lack of information about the paleo-topography in the Tien Shan,
we assume that before the uplift of the Tibetan Plateau, the Tien Shan had either zero
topography, or 20% topography of the present (about 3000 m in average now), or 40%
topography of the present.
At zero topography in the Tien Shan, or rather, north of 40'N, with the existence of
the present Tibetan Plateau (Fig. 2a), the compressional stress field (-cHmax > -(Hmin >
-(v . -Hmax: maximum horizontal principal stress; -(Hmin: minimum horizontal principal
stress; -a : vertical principal stress. the negative sign is compressional to follow tradition)
due to the convergence between India and Eurasia can be transmitted to the entire region
north of 400N. As we stated about the role that topography plays in Introduction if the
Eurasian plate north of Tibet is homogeneous, then there will be no localized deformation
because the stress field there is evenly distributed and thus the possibility of deformation
for any location is equal. As we can see from Fig. 2b, because of the affect of the north-
west curving of the western Tibetan Plateau , the compressional stress field is first localized
in the western Tien Shan and the magnitude of the stress field is about the twice of the other
areas with zero topography. We do not have clear evidence that whether the western Tien
Shan was uplifted before the eastern Tien Shan. Our model shows that the large
compression stress concentration first occurs in the western Tien Shan and thus shortening
should be corresponded to the stress concentration. In our model, plastic yielding is not
considered, so the model is not taking into account the further deformation process after the
stress concentration. The weakening of the lithosphere due to stress concentration may be
either considered by introducing more realistic rheology for the Earth's lithosphere [Goetze
and Evans, 1979; Kirby, 1980; McNutt and Menard, 1982] or represented by the decrease
_ YII
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of the elastic strength of our model lithosphere. In contrast with the zero topographic
region north of 40'N, the uplifted Tibetan Plateau does not show any compressional stress
field at all (Figures 2c and 2d). The middle and the eastern plateau is dominated by strike-
slip faulting stress field (-0Hmax > -v > - Hmin Fig. 2c), and the southern and the
western plateau shows extension (-o, ax -aHm > -aHmin Fig. 2d). The manifestation of
strike-slip and normal faulting stress field on the high elevation from our calculation is
rather consistent with seismic focal mechanisms (Figures 2a-2d) and the tectonics over the
plateau [Molnar and Tapponnier, 1975; Zhang, 1980]. The transition of stress field from
compression to extension is natural when mass is elevated. The uplift of mass will
simultaneously increase the gravitational potential energy and the instability of the mass.
The mass tends to fall back to its minimum energy state and thus exerts vertical
compression to the lithosphere and horizontal extension (the tendency of mass spreading-
out). The spreading-out horizontal extension cancels the horizontal compression due to
plate interactions. The higher the mass is elevated, the more the horizontal compression is
canceled. The strike-slip faulting state is only a middle state of the transition from
horizontal compression to extension. To the best of our knowledge, the best reference
about the statement above is Molnar and Lyon-Caen, 1988.
The natural transition from a compressional regime in Central Asia to strike-slip
then to extension stands true in the Tien Shan. In the case of the 20% Tien Shan (about
600 m in average. Fig. 3a), the compressional stress field only shows up in the eastern
Tien Shan with low elevation, in the middle Tien Shan, and in the western Tien Shan (Fig.
3b). The middle Tien Shan compressional zone is in the location where the southern and
the northern Tien Shan begin to separate into two mountain branches (Fig. 3a). The
western compressional zone is still related to the effect of the north-west bending of the
western Tibetan Plateau. The other areas within the Tien Shan begin to be dominated by
strike-slip faulting stress field (Fig. 3c). The elevation of the 20% Tien Shan has not
reached the height such that gravitational spreading of mass dominates (Fig. 3d).
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In the case of the 40% Tien Shan (about 1200 m in average. Fig. 4a), the
compressional stress field almost disappears in the whole Tien Shan except for its eastern
low area (Fig. 4b). The most of the Tien Shan is dominated by strike-slip faulting stress
field (Fig. 4c). The elevation (1200 m in average) is still not high enough to introduce an
extensional regime (Fig. 4d).
We are not sure what the transitional point is from compression to strike-slip and
from strike-slip to extension. The present elevation of the Tien Shan is about 3000 m in
average (Fig. 5a). The calculated compressional stress field is totally gone within the Tien
Shan. This is consistent with the case that the topographic high of Andes is dominated by
extension even though the low elevation of Andes is still in compression due to the
subduction of the Nazca plate beneath the South America plate [Zoback, 1992; Coblentz
and Richardson, 1996]. However, the average elevation of the Qaidam basin is also about
3000 m (Fig. 5a), and the region is still dominated by the compressional stress field (Fig.
5b). The western compressional zone in the Tien Shan related to the bending of Tibet now
changes to strike slip regime (Fig. 5c). For the most of the Tien Shan at present, EW and
SWS extension prevails. Seismic fault slips [Molnar and Deng, 1984] and GPS strain-rate
[Abdrakhmatov et al., 1996] observations at present suggest that the Tien Shan is still
under convergence.
Discussion
In the last section we can see, if we only consider three stress components in
Central Asia: flexural stress, regional stress due to the convergence between India and
Eurasia, and gravitational spreading stress due to mass uplifting, then the stress field in the
Tien Shan is dominated by EW horizontal extension. Latest GPS observations in the
western Tien Shan [Abdrakhmatov et al., 1996] show that the Tien Shan is still converging
in a total shortening rate of -20 mm/yr. Seismic data from amounts of slip and rupture
lengths for major earthquakes in Central Asia [Molnar and Deng, 1984] suggest that
I ----- NNIN
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shortening across the Tien Shan has occurred at 11 mmlyr. Therefore, in order to reconcile
our model result with the above geodetic and seismic observations, we need to consider
more stress regimes in the Tien Shan region.
The analysis of 10 x 10 gravity in Central Asia [Burov et al., 1990] shows that the
western Tien Shan is close to Airy isostatic equilibrium but the eastern Tien Shan is too
negative relative to Airy compensation. They suggest that in the eastern Tien Shan a deep
mass, or a dynamic flow in the asthenosphere, is pulling down the root of the Tien Shan.
If their model is correct, then a stress component caused by the dynamic pulling force
beneath Tien Shan should be incorporated into our model in order to explain the
discrepancy of our model with the present geodetic and seismic observations. The problem
is that the eastern Tien Shan gravity low in their isostatic anomalies derived from 10 x 10
gravity data set is located in China where we suspect whether they have enough raw data
constraints. For instance, the latest gravity study in the Tien Shan by Yu [1996] based on
5' x 5' gridded data set from China [Jin et al., 1994, 1996] shows that isostatic anomalies
with Airy compensation between 770 E - 890E across the Tien Shan is positive. This means
that the eastern Tien Shan may be regionally compensated with an elastic plate. However,
Yu's gravity study is also affected by short wavelength anomalies which may come from
shallower depths within the crust.
Conclusion
The Earth's lithosphere is composed of plates loaded by the horizontal forces at
their boundaries due to relative plate motion and loaded by the vertical forces on the top, at
the bottom or within any depths of the plates. Thus the stress field within a plate will
change from place to place particularly when the plate is subject to vertical loading. These
localized stresses play an important role in the tectonic outline of a loaded region as we can
see from our stress field modeling in the Tien Shan, Central Asia.
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It has long been a puzzle in Central Asia that why Tibet becomes a plateau, why
Tian Shan is reactivated, and why Baikal began to rift even though Tian Shan and Baikal
are far from the converging zone between India and Eurasia. Numerous lines in geological
literature have explained these intraplate deformation as reactivation of old orogenies. Our
study at least provides a quantitative way to explain the role that these old orogenies play in
intraplate deformation at present if these orogenies can be represented by vertical loading at
any time during the tectonic evolution. Therefore, a long term time-dependent topography
and gravity observation will help us understand the Earth's lithospheric deformation and
further understand the global plate tectonics.
Other stress components should be considered for the convergence of the Tien Shan
except for flexural stress, converging stress, and topographic stress. Otherwise, the
present Tien Shan would be dominated by EW extension.
- -------- -- 11 11h
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Figure captions
Figure 1. Central Asia topography. Sun light comes 10' degree clockwise to the north.
The straight horizontal line at the upper right corner of the map is due to the
combination of DBDB5 with other topographic data mentioned in the text. The
dash-dot lines are the political boundaries, and the thick solid lines are the coastal
lines and the boundaries around lakes.
Figure 2. Central Asia stress field with zero Tien Shan. (a) Central Asia topography
without the Tien Shan and the topography north of 40'N. (b) Central Asia
compressional stress field (-(ma> min > -( -max : maximum horizontalHmax Hmin v Hmax
principal stress; -OHmin: minimum horizontal principal stress; -q: vertical principal
stress. the negative sign is compressional to follow tradition). The earthquake
focal solutions are from the events since 1980 with magnitudes larger than Mw 4.0.
The tectonic outline is from Molnar and Tapponnier [1975], and Zhang [1980]. (c)
Strike-slip faulting stress field (-Hmax > - > -Hmin ) (d) Extensional stress
field (-( > - max> -YHmin)
v Hmax Hmin
Figure 3. The same as Fig. 2 but with 20% Tien Shan.
Figure 4. The same as Fig. 2 but with 40% Tien Shan.
Figure 5. The same as Fig. 2 but with 100% Tien Shan.
oooti- -
0001--
1u
009--
005
A0001
0051
009Z
OOOE0
d oogc
009t,
0005
0099
N.OZ
N.OE
N.OZ
N.09
oI
0oot
0I-
0001-
w 009-
0
u
009
A0001
q~ 0091
d ooo
0o5Z
0 009C-
d
0 000t,'
Ioost,-
0009
0099-
OOOL
N.0i
14.0t'
N.OC
cl
ED

~tNSI
I4
I U U
C
D
i
00ow -
0001--
005-
0
009
0001
0091
009Z
000C
009C
00017
009V'
0009
000
OOOL
N.0f
N.OI'
cl
9I
7o
 
80
'E
 
W
 
A
 
9 
*
 
0 
A
 
A
45
o 
45
oN
s
H
M
rf
 
s 
i
40
' 
fa
i 
*
 
0N
O
w
N
 
35
*N
 
li 
Y
A
N
G
TA
N
G
 
B
LO
C
K
s 
loo
h"
a>
/' 
o
30
 
A
SA
 
O
C
K
 
30
'N
Q OO
f
ss
 p ?
o'
N
25
*N
 
25
'N
7
5
'E
 
80
'E
 
85
E
 
90
"E
 
95
"E
 
10
0'
E
00
00
75
"E
 
85
E 
90
*E
 
95
E 
10
0E
45
N
 
W
 
Y
 
45
*N
Tr
uf
an
 
Ba
si
n
40
'N
 
Ta
rim
 B
as
in
 
40
N
t
-
 
fff 
{t
tl
 
t 
t
5N
2 
N
25
.N
 
E
t
 
t
o
l
l
,
 
'N
75
'E
 
80
*E
 
85
"E
 
90
*E
 
95
"E
 
10
0*
E
75
"E
 
80
'E
 
85
*E
 
90
'E
 
95
'E
 
10
0'E
45
"N
 
45
"N
TIA
N"
S 
Tr
uf
an
 
Ba
sin
N
G
T
A
N
G
 B
L
O
C
K
r 
0
0
s1
35
-N
 
0 25
"N
(2
$A
.00
 a
O
 
Ae
 
.
.
OD CA
)
0ow
051 N.OC
000!--
uw 005-
0 U
I009
cc 0001
q0091
000E
0 09
d 0
o 000t7 N.Ot'
0009
OOOL
35
N
tj

00orl-
01-
000!-
tu 009-
0 u
1 009
0001
II0051
d ooo
0oqz
000
0 009C
0 0"~'
005t,-
0099-
OWOL-
Cu
I
N.0C
N.017

j0 pm
q
PW
C
d
O
l
-
O
